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PREFACE 


At  a  time  when  technical  calendars  are 
overcrowded  and  the  explosion  of  information  is 
overwhelming,  one  requires  a  particularly  strong 
motivation  to  organize  a  new  scientific  meeting.  The 
motivation  here  is  that  the  field  associated  with 
sub-kilovolt  x-ray  measurement  is  undergoing  a 
renaissance,  driven  by  new  applications  and  new 
capabilities.  The  pressure  for  advancement  comes 
from  studies  of  hot,  dense  matter  on  one  hand,  and 
from  an  interest  in  characterizing  sub-micron 
electronic  and  biological  entities  on  the  other.  The 
new  capabilities  are  provided  by  long  sought  advances 
in  the  field  of  “x-ray  optics":  new  sources,  new 
detectors,  and  new  components  for  the  manipulation  of 
x-rays.  For  instance,  it  is  now  possible  to 
fabricate  structures  having  characteristic  dimensions 
on  the  scale  of  x-ray  wavelengths,  10-100  a, 
permitting  the  pursuit  of  diffraction  limited 
applications  on  a  scale  heretofore  unattainable.  The 
purpose  of  this  meeting  was  to  bring  together  the 
major  participants  in  the  field,  many  of  whom  would 
meet  for  the  first  time,  so  that  new  ideas,  new 
collaborations,  and  the  exchange  of  technological 
capabilities  would  enhance  progress  for  all.  The 
style  of  the  meeting  was  planned  to  be  informal  and 
unhurried,  so  as  to  encourage  the  largest  transfer  of 
information  and  the  germination  of  these  new 
collaborations. 

Applications  of  interest  to  the  participants 
included  the  study  of  matter  at  high  temperature, 
plasmas  radiating  in  the  soft  x-ray  regime,  as 
encountered  in  the  magnetic  and  laser  fusion 
programs,  as  well  as  in  x-ray  astronomy.  Other  areas 
of  interest,  attracted  by  the  short  wavelength, 
included  x-ray  lithography  for  replicating  sub-micron 
electronic  structures,  and  imaging  at  sub-micron 
resolution  for  biological  and  other  applications. 

New  capabilities  described  included  the  ability  to 
construct  multilayer  coatings  with  spatial  periods  of 
several  tens  of  angstroms,  and  an  evergrowing  list  of 
materials  that  could  be  engineered  for  use  in  x-ray 
interference  mirrors  and  splitters.  Near  normal 
incidence  x-ray  mirrors  were  reported  for  the  first 
time.  Zone  plate  lenses  and  transmission  gratings 
were  reported  with  smallest  features  approaching 
1000  «.  The  outlook  for  extending  this  capability  to 
smaller  features  appears  promising.  These  advances 
all  permit  the  manipulation  of  x-rays  with  increasing 
efficiency  and  ease,  moving  towards  the  capabilities 
we  now  enjoy  in  the  visible  portion  of  the  spectrum. 
Advancements  were  also  reported  on  the  availability 
of  intense  broadband  sources  of  sub-kilovolt 
radiation,  as  well  as  prospects  for  future,  high 
spectral  purity,  XUV  sources,  which  are  being 
actively  pursued  with  coherent  and  quasi -coherent 
upconversion  techniques.  Progress  was  also  reported 
on  the  quantitative  understanding  of  conventional, 
and  more  sensitive,  photoelectric  detectors.  Time 
resolved  detection  in  the  picosecond  regime  was  also 
described. 

As  we  began  looking  to  the  future  in  our  last 
session,  we  were  quite  fortunate  to  benefit  first 
from  the  historical  perspective  provided  by  Dr.  Paul 
Kirkpatrick,  Professor  Emeritus  of  Physics  at 
Stanford  University,  and  a  significant  contributor  in 
the  early,  formative  years  of  x-ray  optics.  His 
lively  presentation  was  greatly  appreciated  and 
thoroughly  enjoyed  by  all.  He  reviewed  the  evolution 
of  the  field,  citing  historically  important  works  and 
insights,  and  the  potential  for  growth  provided  by 
recent  developments.  Discussions  of  work  within  his 
own  group  at  Stanford,  including  warm  recollections 
of  collaborations  with  Albert  Baez  were  particularly 
interesting.  We  had  hoped  that  Baez  would  also 
participate,  but  unfortunately  he  had  previously  made 
a  long  term  overseas  committment  that  prevented  him 
from  attending.  His  best  wishes  were  appreciated. 


Professor  Kirkpatrick  provided  an  historically 
valuable  copy  of  an  earlier  conference 
proceedings,'  the  first  ever  on  x-ray  astronomy, 
organized  in  1960  by  Baez  while  at  the  Smithsonian 
Observatory  in  Cambridge.  That  document  now  resides 
in  the  American  Institute  of  Physics'  Neils  Bohr 
Library  in  New  York.  j 

Looking  to  the  future,  several  a/reas  stand  out 
where  considerable  progress  would  be  beneficial. 

One,  of  course,  is  the  further  development  of 
spatially  and  temporally  coherent  sources  in  the  XUV 
and  soft  x-ray  regimes.  Another  is  the  development 
of  more  efficient  x-ray  lenses.  As  reported  at  the 
conference,  there  is  innovative  work  just  getting 
underway  with  regard  to  the  development  of  charge 
coupled  devices  (CCD's),  which  are  two-dimensional 
arrays  of  computer  compatible  electronic  wells, 
capable  of  single  photon  counting.  On  the  other 
hand,  however,  there  is  great  need  for  improvements 
in  continuous,  high  speed,  high  resolution  recording 
media.  Such  developments  could  greatly  affect 
present  requirements  for  both  x-ray  imaging  and 
interference  experiments.  Such  recording 
advancements  are  currently  underway  in  the  visible 
regime. An  application  which  would  become  more 
accessible  to  us  as  a  result  of  such  recording 
developments  's  x-ray  holography,  a  subject  only 
briefly  discussed  at  the  conference.  For  example, 
Kikuta  and  Aoki,^“°  and  others,'*®  constrained  by 
sources  of  limited  spatial  and  temporal  coherence, 
poor  recording  materials,  and  an  absence  of  x-ray 
focusing  elements,  have  made  preliminary  but 
important  contributions  using  lensless  Fourier 
transform,  x-ray  holographic  techniques.  With 
improved  recording  media,  and  x-ray  optical 
techniques  as  described  at  this  conference,  new 
advancements  can  definitely  be  made.'® 

Many  of  the  participants  at  the  conference 
commented  on  the  collective  progress  that  had  been 
made  over  the  past  several  years.  It  will  be 
exciting  to  watch  these  emerging  technologies  and  the 
new  results  they  bring,  as  they  evolve  over  the  next 
5-10  years.  It  will  be  particularly  satisfying  if 
some  of  those  future  contributions  are  traced  back  to 
a  comment,  an  idea,  or  a  collaboration  launched  in 
1981  in  Monterey. 

In  addition  to  our  sponsoring  institutions,  we 
are  pleased  to  acknowledge  the  assistance  of  Irene 
Freiberg,  Vivian  Bunda,  Jaci  Nissen,  Michael  Trulson 
and  the  composition  staff  at  LLNL  who  made  the 
organization  of  this  conference,  and  its  published 
proceedings  a  pleasure.  We  also  appreciate  the  fine 
photographic  work  of  RIT/LLNL  graduate  student,  Gary 
Stone. 

August,  1981  David  T.  Attwood 

Livermore,  California 


Burton  L.  Henke 
Honolulu,  Hawaii 
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abstract 

The  properties  of  synchrotron  radiation  will  be  discussed  and  the  outputs  and  charac¬ 
teristics  of  the  storage  rings  available  In  the  U.S.  will  be  Intercompared ,  The  use  of 
these  sources  for  the  radiometric  calibration  of  plasma  diagnostic  Instrumentation  will  be 
discussed  In  some  detail.  The  importance  of  the  proper  treatment  of  polarization,  over¬ 
lapping  orders,  and  solid  angle  effects  will  be  covered.  The  experience  gained  at  NBS  In 
the  calibration  of  plasma  diagnostics  Instruawnts  %/lll  be  examined. 


I .  INTRODUCTION 

The  availability  of  synchrotron  radiation  (SR)  has 
allowed  the  performance  of  many  experiments,  heretofore 
difficult  or  Impossible.  The  Impact  has  been  rewarding 
on  many  fields,  such  as  atomic,  molecular,  solid  state 
and  surface  physics,  structure  and  scattering  in  materi¬ 
als  science  and  biology  to  name  a  fey-  The  currently 
operating  SR  sources  in  this  country  are,  in  chrono¬ 
logical  order  of  their  initiation:  SURF,  a  250  MeV 
storage  ring  at  the  National  Bureau  of  Standards  in 
Washington,  D.C.;  Tantulus,  a  240  MeV  storage  ring  at 
the  University  of  Wisconsin  in  Stoughton,  Wisconsin; 

SPEAR,  a  3.5  CeV  storage  ring  at  Stanford  University  in 
California;  and  CESR,  an  8  GeV  storage  ring  at  Cornell 
University  in  Ithaca,  New  York. 

Three  new  storage  rings  will  be  in  operation  In 
1982.  These  are:  Aladdin,  a  1  GeV  machine  being  built 
at  the  University  of  Wisconsin  in  Stoughton,  Wisconsin; 
and  the  NSLS  facility  at  BNL  on  Long  Island,  New  York 
consisting  of  a  700  MeV  and  a  2.5  GeV  storage  ring. 

This  expansion  of  facilities,  including  also  Increased 
capacity  at  SPEAR,  means  that  many  more  users  and  many 
new  uses  of  SR  will  develop  in  the  next  few  years. 

The  applications  of  SR  of  interest  to  the  plasma 
diagnosticians  might  be  In  several  categories.  First, 
these  new  capabilities  mean  that  new  data  on  the  inter¬ 
action  of  high  energy  photons  with  matter  will  be 
forthcoming,  such  as  location  of  high-lying  states  of 
atoms  and  Ions  and  studies  of  their  photoionization 
contlnua.  Also  studies  of  the  interactions  of  high- 
energy  photons  with  surfaces,  such  as  the  photoelectron 
emission  and  photo-atom  and  photon- ion  desorption. 

Perhaps  the  most  lonedlate  and  most  important  applica¬ 
tion  of  SR,  however,  is  in  the  area  of  the  test  and 
calibration  of  diagnostic  spectrometer  or  photometer 
systems.  In  the  remainder  of  this  paper  we  will  focus 
on  this  application. 

II.  PROPERTIES  OF  SYNCHROTRON  RADIATION 

Synchrotron  radiation  Is  a  unique  source  with 
usual  properties  caused  by  the  relativistic  velocity  of 
the  electrons  which  generate  It.  The  most  important 
features  are  listed  below: 

1)  Continuum  -  SR  Is  coisprlsed  of  the  harmonics 
of  the  fundamental  orbital  frequency  of  the  turning 
electrons.  These  harmonics  merge  into  a  true 
continuum  In  the  VUV  x-ray  regions  which  extends 
up  to  a  cut-off  photon  energy  dictated  by  the 
electron  energy  and  the  radius  of  curvature  of  the 
turning  electron. 


2)  Colllmatlon  -  SR  is  radiated  In  a  very 
slender  cone  pointing  in  the  direction  of  the 
velocity  vector  for  the  turning  electron.  The 
half-angle  of  this  cone,  for2the  total  power 
radiated.  Is  equal  to  y  (me  /E)  for  the  rela¬ 
tivistic  electron.  Thus,  ror  example  at  1  GeV_^ 
electron  energy,  this  cone  angle  is  only  '''5x10 
radians.  As  the  electron  turns  horizontally 
through  a  bending  magnet  this  narrow  cone  sweeps 
horizontally  resulting  in  a  thin  "sheet"  of 
radiation  with  a  uniform  horizontal  distribution. 

3)  Polarization  -  SR  is  highly  plane-polarized 
with  the  E  vector  of  the  radiation  in  the  plane  of 
orbit.  The  degree  of  polarization  depends  on  the 
electron  energy,  wavelength,  and  vertical  viewing 
angle.  Figure  1  illustrates  this  angular  depen¬ 
dence  of  the  polarization  for  240  MeV  electrons  at 
several  wavelengths.  A  further  important  point  is 
that  the  perpendicular  (to  the  orbital  plane)  and 
parallel  components  are  90  degrees  out  of  phase  so 
that  in  general  the  radiation  is  elliptical. 

4)  Source  size  -  Typically  the  electron  beam 
cross  section  In  a  storage  ring  turning  magnet  is 
elliptical  in  shape  with  gausslan  distributions 
with  half-maximum  widths  of  1  -  3  mm  horizontally 
and  0.1  -  1.0  mm  vertically. 

5)  Temporal  profile  -  The  electrons  in  a 
storage  ring  are  bunched  with  a  number  of  bunches 
in  the  ring  simultaneously,  depending  on  what 
harmonic  of  the  the  electron  circulation  frequency 
the  rf  cavity  is  operated.  Each  bunch  passes  an 
observational  tangent  point  in  typically  0.2  -  1.0 
psec.  Large  multi-bunch  storage  rings  have  been 
run,  by  selective  filling.  In  a  mode  where  only  a 
single  bunch  is  present  -  giving  nearly  one  usee 
between  radiation  pulses  for  some  experiments. 

6)  Spectral  distribution  -  The  spectral 
distribution  of  SR  depends  on  the  electron  energy 
and  the  radius  of  curvature  of  the  turning  electron. 
The  distribution  for  several  storage  rings  in  use 
or  under  construction  in  the  U.S.  for  typical  or 
predicted  operating  conditions  respectively,  are 
shown  in  Figure  2.  Similarly,  the  spectral 
distribution  for  SURF,  the  storage  ring  at  NBS,  is 
shown  In  Figure  3.  The  storage  ring  at  Tantalus  at 
the  University  of  Wisconsin  in  Stoughton  has  a 
spectral  distribution  similar  to  that  at  SURF. 
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III.  WIGGLERS  AND  UNDULATORS 

Wigglers  are  magnet  systema  Installed  in  a  straight 
section  of  a  storage  ring  to  present  a  strong  periodic 
magnetic  field  Co  Che  electron  beam  with  Che  result 
that  the  electrons  "wiggle"  their  way  through.  At  the 
peaks  of  this  oscillation  the  electrons  are  turning 
with  a  smaller  radius  than  In  the  regular  storage  ring 
Cuming  magnets  with  the  result  Chat  Che  SR  spectrum  Is 
shifted  toward  higher  frequencies.  It  Is  also  possible 
to  view  several  of  these  maxima  along  a  single  line  of 
sight  and  In  this  direction  Che  Intensity  Is  Increased 
by  a  factor  of  N,  where  N  Is  the  number  of  such  maxima 
viewed.  A  wlggler  has  been  In  successful  operation  for 
several  years  at  Stanford's  SPEAR  ring,  where  Its 
Increased  performance  has  made  It  a  very  popular  beam 
line.  The  typical  flux  advantage  for  this  wlggler  line 
Is  shown  In  Figure  4. 

Undulators  are  undulatory  magnetic  field  systems 
Installed  In  storage  ring  straight  sections  similar  to 
wigglers.  However,  In  undulators  there  are  typically 
many  more  oscillations,  more  closely  spaced,  and  Che 
amplitude  of  the  electron  beam  displacement  Is  much 
less. 

The  secret  of  the  undulator  Is  to  meet  the  condi¬ 
tions  required  so  that  the  radiation  from  Che  N  oscilla¬ 
tions  can  be  a^ded  coherently  producing  an  Intensity 
advantage  of  N  (In  principle)  over  regular  turning 
magnet  radiation  when  the  undulator  is  viewed  In  a 
small  cone  In  the  forward  direction. 


The  spectrum  of  the  undulator  is  made  up  of  the 
fundamental  wavelength  of  the  periodic  field  and  Its 
harmonics  shifted  to  higher  frequencies  by  a  relative 
letlc  factor.  A  successful  undulator  operated  at  SPEAR 
early  In  1981  realized  a  fundamental  somewhat  tunable 
around  1  keV  and  a  number  of  higher  harmonics.  For 
further  discussion  on  Wigglers  and  Undulators,  see 
reference  2. 
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Fig.  2.  Spectral  distribution  (phocons/s-mrad  of  orbit 
subtended  -102  bandpass)  of  SR  from  several  machines. 
Conditions  specified  are  typical  for  SPEAR  and  for 
Cornell  and  predicted  for  BNL  and  Aladdin. 


Fig.  1.  Angular  distributions  of  SR  for  the  components 
of  polarization  with  Che  E  vector  perpendicular  (j_) 
and  parallel  (||)  to  the  orbital  plane  for  240  HeV 
electrons.  4>  Is  the  angle  the  radiation  makes  to 
the  orbital  plane  measured  in  a  plane  perpendicular 
to  the  orbit. 


Fig.  3.  Spectral  distributions  (photons/s-mrad  of 
orbit  subtended-one  A  bandpass)  of  SR  for  several 
operating  conditions  of  the  NBS-SURF  storage  ring. 
250  MeV  with  10-20  mA  are  typical. 


IV.  RADIOHETRIC  APPLICATIONS  OF  SYNCHROTRON  RADIATI(»( 


SR  can  be  used  as  a  convenient  source  for  the 
radionetrlc  calibration  of  detectors  or  photoneters,  or 
alternatively  it  can  be  utilized  as  an  absolute  source 
standard  for  the  radlonetrlc  calibration  of  spectro- 
neter  or  photometer  systems.  The  highest  development 
of  either  of  these  applications  of  SR  has  been  on  the 
SURF  storage  ring  at  the  National  Bureau  of  Standards 
in  Washington,  D.C. 

The  Irradiance  delivered  from  a  SR  source  depends 
on  the  electron  energy,  the  turning  radius  of  the 
electrons  where  viewed,  the  nusber  of  electrons  viewed, 
and  the  geometry  of  collection.  The  electron  energy 
can  be  determined  to  O.IZ  by  accurately  measuring  the 
magnetic  field.  At  SURF,  which  is  unique  among  storage 
rings  in  that  its  orbit  is  truly  circular,  the  radius 
of  turning  is  determined  by  the  rf  cavity  frequency 
since  the  electrons  are  traveling  with  a  speed  which 
closely  approximates  the  velocity  of  light.  SURF  also 
has  a  smaller  electron  beam  cross  section  than  other 
storage  rings  which  means  that  smearing  of  the  angular 
distribution  of  the  radiation  is  minimized.  These 
facts  imply  that  the  radiation  from  SURF  can  be  accu¬ 
rately  calculated  if  the  number  of  electrons  circulating 
(the  current)  can  be  accurately  determined. 

Recent  developisints  in  the  precise  counting  of 
circulating  electrons  in  the  SURF  storage  ring  now 
allow  the  counting  of  up  to  several  thousand  electrons 
in  the  ring.  This  is  accomplished  by  actually  counting 
the  steps  in  the  output  radiation  by  the  electrons  in 
the  ring  as  th^y  are  gradually  scattered  out  of  the 
electron  beam.  By  this  method,  a  highly  linear  silicon 
diode  detector  is  calibrated  in  the  range  of  10  to  10 
circulating  electrons  and  then  t|l8  detector  is  used  to 
measure  currents  ranging  from  lO”  -  lO’  circulating 
electrons.  The  overall  uncertainty  of  predicting  the 
Irradiance  delivered  by  the  SURF  facility  is  currently 
around  3Z  and  this  uncertainty  may  be  reduced  further 
in  the  near  future. 

Detector  Calibrations 

Broad-band  and  narrow-band  detectors  have  been 
calibrated  at  SURF  using  a  monochromator  and  an  absolute 
detector  for  A-B  type  Intercomparison.  In  addition, 

NBS  has  developed  transfer  standard  diodes  which  are 
available  fgr^use  in  other  laboratories  as  radiometric 
references.  ’  These  are  windowed  evacuated  diodes  for 
the  region  above  115  nm  and  a  windowless  diode  for  the 
region  S-llS  nm.  Curves  showing  the  quantum  efficiency 
of  these  detectors  are  shown  in  Figure  5. 

Spectrometer  Calibrations 

For  the  calibration  of  spectroaieter  systems,  a 
well-characterized  beam  line  has  been  developed  at'  SURF 
which  allows  the  calculation  of  the  irradiance  from  the 
storage  ring  which  fslls  on  a  13  ms  x  13  un  square 
aperture  located  either  11.5  or  17  m  from  the  tangent 
point  source.  Here,  spectrometers  or  photometers  can 
be  located  to  receive  an  absolute  system  calibration 
over  a  spectral  range  of  5-400  nm.  In  either  position, 
Instriaent  mounting  platforms  are  provided  which  can  be 
translated  In  the  vertical  and  horizontal  directions 
normal  to  the  incident  radiation.  The  platforms  are 
also  mounted  In  a  gimbal  which  allows  rotation  of  the 
Instrument  about  vertical  and  horizontal  axes  nortml  to 
the  Incident  radiation.  The  difference  between  the  two 
platforms  is  that  the  17  m  one  la  located  In  a  large 
vacutffli  chamber  which  was  constructed  with  the  require¬ 
ments  of  satellite  and  rocket  instruments  particularly 
In  mind.  Either  of  these  two  calibration  platforms 
will  be  made  available  for  the  radiometric  calibration 
of  diagnostic  Instnmwntatlon,  depending  on  the  nature 
of  that  instrumentation. 


The  vertical  and  horizontal  translations  provided 
by  this  calibration  facility  not  only  facilitate  the 
location  of  the  instrument  properly  in  the  beam,  but 
also  allow  calibration  of  an  instiumental  system  which 
uses  a  large  collecting  optic  in  front  of  the  spectro¬ 
meter.  In  this  case,  the  SR  beam  provided  would  illumi¬ 
nate  only  a  small  segment  of  the  collecting  optic,  but 
the  translations  allow  the  mapping  of  the  system 
efficiency  over  the  full  aperture  of  the  system. 

The  gimbal  systems  provided  facilitate  the  angular 
alignment  of  the  spectrometer  systems  and  further, 
allow  a  mapping  over  the  operational  solid  angle  of  the 
Instrument.  Since  the  SR  falling  on  the  entrance  slit 
of  a  spectrometer  (used  without  a  collecting  optic)  has 
a  very  large  f/no,  the  system's  response  is  measured 
over  only  a  very  small  angular  aperture  relative  to 
that  for  which  most  systems  are  designed  to  collect 
radiation.  When  the  entrance  slit  of  the  spectrometer 
is  located  at  the  intersection  of  the  vertical  and 


Fig.  4.  Spectral  distributions  comparing  the  spectrum 
produced  by  the  SSRL  Higgler  with  the  SR  spectrum 
produced  by  the  normal  SPEAR  bending  magnet  for  several 
operating  conditions,  e  us  a  critical  energy  (or 
frequency)  in  the  theory  of  SR  above  which  the  spectrum 
drops  rapidly.  A  rule  of  thumb  is  that  a  storage  ring 
is  useful  up  to  about  a  frequency  of  four  times  E^. 


Fig.  5.  Spectral  distribution  of  the  efficiency  of  the 
transfer  standard  photodiodes  available  from  NBS  for 
the  far  UV.  Below  115  nm  the  diodes  are  windowless. 
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horizontal  axes  of  rotation,  the  angular  scans  of  those 
rotatl  ns  then  allow  a  napping  of  the  instrument  response 
over  the  full  solid  angle  of  acceptance  of  the  spectro¬ 
meter. 

Since  SR  is  highly  polarized  it  is  also  required 
that  the  instrument  be  calibrated  in  two  angular  orienta¬ 
tions  (l.e.,  slit  vertical  and  slit  horizontal).  The 
average  of  the  response  in  these  two  orientations 
should  be  the  response  to  unpolarized  radiation.  An 
advantage  to  this  additional  complication  is  that  the 
response  of  the  instrument  to  polarized  radiation  is 
then  known. 

Since  SR  is  a  continuum  source,  overlapping  orders 
are  often  a  problem  which  must  be  dealt  with.  At  SURF, 
we  have  been  able  to  unfold  the  first  and  second  order 
contributions  by  performing  the  calibration  at  two 
different  electron  energies,  e.g.,  250  MeV  and  140  MeV. 

At  these  two  energies,  the  spectral  distributions  have 
very  different  shapes,  allowing  two  equations  with  two 
unknowns  to  be  solved  for  the  first  and  second  order 
Instrumental  response. 

Description  of  LargeSpectrometer  Calibration  Chamber 

Figure  6  shows  a  diagram  of  the  spectrometer 
calibration  beam  line  (BL  2)  at  the  NBS-SURF  facility, 
showing  the  location  of  the  spectrometer  calibration 
platform  at  17  m.  Not  shown  is  the  calibration  platform 
at  the  11.5  m  distance.  Also  Indicated  is  a  device 
called  the  Orbital  Plane  Locator  (OPL)  which  allows  Che 
beam  line  and  final  aperture  Co  be  accurately  located 
on  Che  orbital  plane.  In  addition,  a  laser  alignment 
system  using  retractable  mirrors  provides  a  laser  beam 
simulation  of  Che  SR  beam  for  alignment  purposes. 

The  second  platform,  as  mentioned  above,  la  located 
inside  a  large  vacuum  tank  at  the  end  of  the  calibration 
beam  line.  The  dimensions  of  this  tank  are  1.2  ..i  x 
1.2  m  X  2.5  m  long.  Figure  7  is  a  photograph  of  Che 
vacuum  tgnk.  It  is  all  stainless  steel,  cryopumped 
(1  X  10  Torr) ,  and  completely  compatible  with  the 
SURF  requirement  Chat  hydrocarbon  contamination  be  kept 
Co  a  very  low  level.  The  chamber  is  connected  Co  Che 
beam  line  through  a  40  cm  l.d.  compound  bellows  which 
allows  the  vacuum  tank  Co  be  moved  vertically  and 
horizontally  through  an  excursion  of  40  cm.  The  vertical 
motion  is  accomplished  by  operating  four  large  screw 
jacks  in  synchronization. 

Inside  the  vacuum  tank  is  the  glmbal  system  con¬ 
taining  the  spectrometer  mounting  platform.  Figure  8 
is  a  photograph  of  the  gimbal.  The  clear  dimensions 
for  mounting  a  spectrograph  within  the  glmbal  are  76  cm 
vertical  and  76  cm  horizontal.  With  a  maximum-sized 


Fig.  6.  A  diagram  of  the  beamline  at  NBS-SURF  which 
is  devoted  to  spectrometer  calibration.  The  large 
vacuum  tank  at  17  m  from  the  orbital  tangent  point 
is  indicated  as  the  optical  calibration  chamber. 

The  spectrometer  mounting  platform  at  11.5  m,  not 
Indicated,  Is  Just  to  the  right  of  the  Orbital 
Plane  Locator. 


instrument  package  the  gimbal  allows  13°  of  pitch  and 
yaw  motion  with  a  resolution  of  1.3  seconds.  This 
allows  a  mapping  of  the  efficiency  over  the  solid  angle 
of  an  f/10  spectrometer. 

All  of  the  motions  of  translation  and  rotation  are 
computer  controlled,  and  the  parameters  x,y,6,^  and 
the  electron  beam  current  can  be  read  out  or  fed  Into 
the  customer's  computer  during  a  calibration. 

Typical  Irradlance  levels  falling  on  an  Instru^nt 
located  lnslde2the  calibration  chamber  are  2.4  x  IO2 
photons /s-A-im  at  120  nm  or  8  x  10  photons/s-A-mn 
at  10  nm.  Flux  levels  at  the  11.5  m  calibration 
platform  are  higher  by  a  factor  of  about  2.2. 

Both  the  11.5  m  and  the  17  m  spectrometer  calibra¬ 
tion  platforms  have  been  used  for  instrument  calibrations, 
including  rocket  and  satellite  packages  and  plasma 
diagnostic  instruments.  All  of  these  calibrations  to 
date  have  been  quite  successful  and  in  cases  where 
ocher  calibration  data  was  available,  the  intercom¬ 
parisons  have  been  excellent. 


Fig.  7.  Photograph  of  the  spectrometer  calibration 
chamber  at  NBS-SURF.  Note  compound  bellows  allowing 
vertical  and  horizontal  motion  of  the  chamber  and 
the  large  screw  jacks  which  provide  the  vertical 
displacement . 


Fig.  8.  Photograph  of  the  two  axis  gimbal  which  holds 
Che  test  spectrometer  In  position.  The  gimbal  rolls 
Into  the  vacuum  chamber  shown  at  right  and  allows 
a  vertical  and  horizontal  axis  of  rotation 
normal  to  the  Incident  radiation. 
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X-RAY  EMISSION  FROM  LASER  FUSION  TARGETS* 


V.U.  Slivinsky 

University  of  California,  Lawrence  Livermore  National  Laboratory 
P.O.  Box  5508,  Livermore,  CA  94550 


This  paper  is  a  brief  summary  of  x-ray 
measurements  from  disks  irradiated  by  high  power, 

1.06  pm  laser  at  the  Lawrence  Livermore  National 
Laboratory.  Most  of  tnis  worx  was  done  at  the  Argus 
ano  Shiva  laser  facilities  using  instruments 
oescribed  in  this  text. 

A  typical  x-ray  spectrum  from  a  laser  irradiated 
oisk  is  snown  in  figure  1.  Tne  target  was  high  Z 
material  on  a  Z  pm  thick  LH  substrate.  Me  found 
that  high  Z  targets  maximizes  tne  x-ray  yield.  Note 
that  tnere  is  structure  in  tne  oOO  ev  region  of  the 
spectrum,  probably  due  to  Au  N  line  emission.  At 
higner  pnoton  energies  the  spectrum  decreases  rapidly 
with  most  of  the  x-ray  energy  below  1  keV. 

Tne  total  x-ray  energy  emitted  in  the  subkeV 
region  is  snown  in  figure  Z.  Using  lu  KJ  incident 
laser  energy,  about  1/3  is  absorbed  by  the  disk,  and 


Energy,  keV 


Figure  1.  X-ray  spectrum  from  a  O.Z  pm  Au  disk 
irradiated  at  3  x  10'^  W/cm^.  The  structure  at 
600  eV  is  probably  due  to  Au  lines.  Most  of  the 
x-ray  energy  resides  in  the  subkeV  energy  region 


10  kJ  X  4-  (abt)  X  4  (CEI  ~  1  kJ  in  1  ns 
3  3 

Figure  Z.  Conversion  efficiency  from  incident  laser 
energy  to  soft  x  rays. 
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Figure  3.  Tne  Dante  10  channel  x-ray  spectrometer. 
The  front  five  filter-detector  channels  nieasure  the 
niyher  energy  portion  of  the  spectrum,  and  the  bacx 
five  filter-reflector-detector  channels  measure  the 
lower  energy  portion  of  the  spectrum. 


about  1/3  of  the  absorbed  energy  is  emitted  by  tne 
hot  plasma  as  x-rays.  At  higher  laser  intensities 
the  absorption  improves  but  the  conversion  to  soft 
x-rays  does  cnange  very  much.  Sparse  measurements' 
of  the  angular  distribution  show  that  the  x  rays  are 
peaked  normal  to  the  disk. 

Measurements  are  now  being  made  at  the  Argus 
laser  facility  using  frequency  doubled,  and  tripled 
1.06  pm  light.  Preliminary  results^  show  that  at 
these  shorter  wavelengths  both  absorption  and 
conversion  to  x  rays  are  increased. 

The  major  instrument  used  to  measure  the  subkeV 
X  rays  at  LLNL  has  been  the  Dante  spectrometer^ 

Shown  in  figure  3.  Five  channels  are  composed  of 
filtered  x  ray  diodes,  ano  five  channels  incorporate 
small  angle  reflectors  to  define  the  energy  limits  of 
the  bite  of  the  spectrum.  X-ray  streak  camera 
spectrometers  also  play  a  key  role  in  our  soft  x-ray 
measurements.  These  instruments  are  described  by 
Rober  Kauffman  in  a  following  paper. 

An  innovative  oesign  for  one  filter-detector 
combination  uses  a  compound  filter.^  The 
uniqueness  of  this  channel  uesign  is  that  instead  of 
taking  a  narrow  bite  out  the  spectrum  it  has  a 
relatively  flat  response  over  a  wioe  range  of 
energies  from  .1  keV  to  l.b  keV.  Figure  4  shows 
conceptually  the  role  of  each  element  in  this 
scheme.  Tne  flat  response  means  that  the  signal 
output  of  the  detector  is  proportional  to  the 
incident  x-ray  energy  regardless  of  the  spectral 
Shape.  An  absolutely  calibrated  channel  of  this  kind 
is  particularly  useful  for  measuring  x-ray  energy  if 
spectral  information  is  not  necessary. 

Preceding  now  to  higher  x-ray  energies,  a 
composite  spectrum  extending  from  5  keV  to  350  keV 
for  a  Ta  disk  is  shown  in  figure  5.  It  can  be  seen 
that  a  much  smaller  fraction  of  the  absorbed  laser 
energy  ends  up  in  high  energy  x-rays  (approximately 
10*^)  than  in  thermal  x  rays.  The  spectrum 
decreases  four  orders  of  magnitude  over  this  energy 
range . 

This  Ta  spectrum  incorporates  points  from  all  of 
the  channels  in  our  f ilter-fluorescer  spectrometer. 
Tne  spectrometer  is  shown  in  figure  b.  Design 
information  is  given  in  reference  5.  The  fluorescer 
teennique  was  recently  extended  all  the  way  out  to 


*  iiork  performed  under  the  auspices  of  the  U.S.  Department  of  Energy  by  the  Lawrence 
Livermore  National  Laboratory  under  Contract  No.  H-7405-ENG-48. 
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Figure  4.  The  flat  response  compouno  f i Iter-oetector 
x-ra>  channel.  Ttie  reflector  efficiency  is  flat  with 
photon  energy,  and  the  compouhd  filter-x-ray  diode 
comoination  is  also  relatively  flat.  The  total 
respohse  implies  that  the  sighal  output  is 
proportiohal  to  incident  x  ray  energy. 


Figure  b.  The  20  channel  filter  fluorescer 
spectrometer.  The  10  spokes  in  the  wheel  are 
f i Iter-t luorescer  channels,  and  the  10  straight 
through  detectors  are  filter-detector  combinations. 


2bO  keV^.  Beyond  2bu  keV  we  use  thick  Pu  filters 
to  define  very  broad  energy  resporises. 

These  x-ray  instruments  and  measurements  nave 
been  maoe  ano  supported  by  a  number  of  staff  people 
at  LLNL  too  numerous  to  metition  nere.  Furttier 
information  on  this  work  can  uest  be  obtained  from 
the  references  or  by  contacting  me  or  tne  reference 
authors. 


X-ray  energy  (keV) 

Figure  b.  The  suprathermal  x-ray  spectrum  from  a  Ta  6. 
target.  Each  datum  point  was  generated  by  tne  20 
channel  fi Iter-f luorescer  spectrometer. 
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Low  Energy  X-Ray  BU.aalon  fron  Magnetic  Fusion  Plasmas* 

K.W.  Hill,  H.  Bitter,  D,  Barnes,  S,  von  Goeler,  N.R.  Sauthoff,  and  B.  Silver 


Princeton  University,  Plasma  Physics  Laboratory,  Princeton,  New  Jersey  08544 

ABSTRACT 

Coiq^lex,  transient,  spatially  Inhomogeneous  tokamak  plasmas  require  careful 
diagnosis.  As  the  reactor  regime  Is  approached,  soft  x  rays  become  more  Important  as  a 
versatile  diagnostic  tool  and  an  energy-loss  mechanism.  Continuum  emission  provides  a 
measure  of  electron  temperature  and  light  Impurity  content.  Impurity  lines  serve  as  a 
probe  for  Ion  and  electron  temperature.  Impurity  behavior,  and  radiative  cooling.  The 
entire  spectrui  yields  vital  Information  on  Instabilities  and  disruptions.  The  Importance 
of  Impurities  Is  Illustrated  by  the  extensive  efforts  toward  understanding  Impurity 
production,  effects,  and  control.  Minute  heavy  Impurity  concentrations  can 
prevent  reactor  Ignition.  SI (LI)  -  detector  arrays  give  a  broad  overview  of  continuum  and 
line  x-ray  emission  (.3  -50  keV)  with  anderate  energy  (200  eV)  and  time  (50  ms) 
resolution.  Bragg  crystal  and  grating  spectrometers  provide  detailed  Information  on 
Impurity  lines  with  moderate  to  excellent  (B/AE  -  100  -  23,000)  resolving  power  and  1-50 
ms  time  resolution.  Imaging  detector  arrays  measure  rapid  (~  10  ps)  fluctuations  due  to 
HHD  Instabilities  and  probe  Impurity  behavior  and  radiative  cooling.  Future  tolcamaks 
require  more  diagnostic  duinnels  to  avoid  spatial  scanning;  higher  throughput  for  fast, 
single-shot  diagnosis;  Increased  spectral  Information  per  saag>le  period  via  fast  scanning 
or  use  of  multi-element  detectors  with  dispersive  elements;  and  radiation  shielding  and 
hardening  of  detectors . 


I.  INTRODUCTION 

Controlled  fusion  offers  the  hope  of  an 
essentially  unlimited  supply  of  energy  with  fuel 
available  to  all  nations  [1].  Diagnostics 

Instrumentation  plays  an  important  role  In  oontrolled- 
fuslon  research  (2-5) .  It  serves  as  the  *eyes*  and 
"ears*  of  the  experimental  physicist,  enabling  him  to 
monitor  his  progress  In  the  quest  for  attaining  optimal 
conditions  for  fusion.  The  transient  plasma  of  moat  of 
todays  fusion-research  devices  and  the  large  number  and 
complexity  of  liiqKirtant  Interacting  physical  pnicesses 
demand  measureiaent  of  several  physical  parameters  with 
good  temporal  and  spatial  resolution.  As  plasma 
temperatures  become  higher,  the  electromagnetic 

spectrum  emitted  by  the  plasma  shifts  toward  shorter 
1  .relengths,  and  x  rays  became  more  Important  both  as  a 
source  of  radiative  power  loss  and  as  a  means  of  making 
diagnostic  measureiaents  [6] .  Several  types  of 
Instruawnts  have  been  developed  over  the  years  to  probe 
fusion  plasmas  by  measuring  various  properties  of  the 
x-ray  emission  (3-30]  .  A  necessary  part  of  these 
developments  )ias  been  t)ie  contribution  of  expertise  by 
scientists  In  many  areas,  such  as  solid  state,  nuclear, 
and  atomic  physics,  astrophysics,  crystallography, 
'electronics,  etc.  These  Instruments  permit  measureiaent 
of  a  variety  of  Important  plasaia  parameters.  These 
Include  electron  [8,37,45]  and  Ion  [22]  temperature, 
density  [31],  plasma  equlllbrlin  and  stability  [23,24], 
plasma  position,  and  plasma  rotation  [6  ] .  Other 
paraaieters  inferred  from  x  rays  relate  to  Impurities 
and  Include  radiative  energy  loss  [10,32-35], 

concentration  [6,8,10]  and  motion  [36],  charge-state 
distribution  [21,37],  wavelengths  of  emission  lines 
[38-42],  and  atomic  physics  parameters  such  as  cross 
sections  for  excitation.  Ionisation,  and  recombination 
[43,44,46,47] .  This  paper  Is  a  review  of  x-ray 
diagnostic  tec)uiiqoas  and  apparatus,  used  in  magnetic 
confinement  fusion  experiments.  Involving  measurement 
of  x-ray  sadsslon  In  both  the  lew  energy  or  ultrasoft 
x-ray  (mx)  region  (0.1  to  1  keV)  and  the  soft  x-ray 
region  (SB)  (1-10  IceV).  This  extended  range  is 
addressed  because  some  instruments  operate  in  both 
regions  and  others  are  applicable  to  both  rangee  but 
have  historically  operated  in  tlw  SX  region  due  to  the 
greater  oomplexity  required  for  USX  operation.  The  low 
energy  or  USX  range,  however,  la  particularly  important 
because  the  emission  in  this  region  is  often  a 
significant  fraotlcn  of  the  energy  loss  in  tokamaks 
[10,32-35].  Although  various  types  of  augnetic 
confinement  davlcee  exist  and  soam  are  addressed  in  the 


paper,  the  bulk  of  the  work  reported  Involves  tokaiaaks. 

This  paper  focuses  on  describing  magnetic  fusion 
energy  (MFE)  x-ray  diagnostics  to  scientists  who  may 
not  be  Involved  In  or  have  Intimate  knowledge  of  HFE. 
Review  information  on  basic  principles  of  HFE  are 
presented  without  going  Into  detail.  The  tokaaiak  Is 
used  as  an  ex;uBple  although  soam  x-ray  diagnostic  work 
from  other  HFE  devices  Is  presented.  An  effort  Is  made 
to  illustrate  what  the  diagnostic  needs  and  problem 
areas  are  so  that  researchers  In  other  fields  can 
understand  how  they  might  contribute  to  the  diagnostic 
effort.  In  Section  II  we  review  the  basic  principles 
of  the  tokamak.  Section  III  emphasises  the  importance 
of  Impurities.  This  importance  is  supported  )>y  (a)  the 
extensive  work  done  toward  studying  impurities,  their 
effects,  and  their  control,  and  (b)  a  summary  of  some 
specific  Impurity  effects.  In  Section  IV  the 
mechanisms  for  x-ray  production  In  plasmas  and 
properties  of  this  emission  are  reviewed.  Section  V 
describes  the  major  x-ray  diagnostic  Instruments  used 
on  tokamaks.  The  purpose,  principle  of  operation,  and 
characteristics  of  each  Instrument  are  sumnarlsed. 
Exasples  of  data  are  presented  and  discussed  briefly. 
Section  VI  describes  some  problems  with  present  x-ray 
diagnostics,  some  isprovements  planned  for  the  Tokamak 
Fusion  Test  Reactor  (TFTR)  at  Princeton  Plasma  Physics 
Laboratory  (PPPL),  and  further  development  that  would 
benefit  the  fusion  program. 

II.  THE  TOKAMAK 

At  Princeton  two  tokamaks,  the  Princeton  Large 
Torus  (PLT)  and  Poloidal  Divertor  Experiment  (PDX)  are 
operating  presently.  A  third  larger  machine,  the 
Tokamak  Fusion  Test  Rsactor  (TFTR)  [56]  ,  will  liegln 
<paration  In  1982.  The  major  goal  of  TFTR  is  to 
achieve  "breakeven*  (fusion  power  out  -  heating  power 
in)  in  deuterium-bsam-heated  tritium  plasma  (DT 
operation).  Several  other  tokamaks  are  in  operation  at 
other  laboratories  in  the  United  States  and  other 
countries.  These  Include  the  Alcator  tokamaks  at  MIT, 
ISX-B  (lopurlty  Studies  Experiment)  at  Oak  Ridge, 
Doublet  III  at  Oeneral  Atomic,  DITE  at  Culham,  U.K., 
TFR  at  Fontenay  aux  Roses,  France,  and  others  In  Italy, 
Oermany,  Japan,  the  U.S.S.R.,  etc. 

The  tokamak  has  been  reviewed  In  several  papers 
[1, 48-55].  A  brief  description  follows.  The  liaslc 
cosponents  are  shown  schematically  In  Fig.  1.  A 
hydrogen-isotope  plasma  characterised  by  major  radius  R 
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(130  am  for  VUI,  265  cn  for  TPTR)  and  minor  radios  r>a 
(40  cm  for  PLT,  85  cm  for  TFTR)  is  creatad  and  haatsd 
in  a  toroidal  vacuum  vassal.  A  strong,  static  magnetic 
field  (1  -  10  T,  depending  cn  the  type  of  tokamak 
and  the  regime  of  operation  b.ti  'g  studied)  is 
superposed  throughout  the  vacuvm  vessel  by  external 
toroidal  field  (TF)  colls.  The  basic  purpose  of  8^  is 
to  confine  the  plasma  ions  and  electrons  by 
constraining  them  to  move  in  helical  orbits  about  the 
field  lines.  A  transient  toroidal  current  is  then 
induced  in  the  conducting  plasma  by  transformer  action. 
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Fig.  1  Schematic  illustrating  principles  of  tokamak 
operation.  (PPPL-753361 ) 


This  current  usually  has  a  quasi-steady  “flat  top" 
value  of  several  hundred  klloamperes  for  a  period  of 
several  hundred  milliseconds.  A  time-varying  vertical 
magnetic  field  induced  by  ohmic  heating  (OH)  windings 
around  the  toroidal  direction  generates  the  toroidal 
current,  which  heats  the  plasma  via  resistive  or 
“ohmic"  heating  to  a  high  temperature.  In  addition, 
the  current  produces  a  poloidal  magnetic  field  (PF) 
around  the  smaller  cross  section  of  the  torus.  The  net 
effect  of  the  TF  and  PF  is  a  helical  magnetic  field  as 
lllustrat'*  1.  This  field  is  characterized  not  only  by 
the  net  field  strength,  but  also  its  rotational 
transform  This  transform  is  the  poloidal  angle  a 

field  line  traverses  during  one  toroidal  circuit  around 
the  tokamak.  It  is  this  helical  or  torsional  property 
of  the  field  lines  which  gives  the  tokamak  its 
equilibrium  and  stability  c)uiracter Istlcs .  A  parameter 
more  conraonly  used  than  \  is  the  “safety  factor" 
q  -  2x/i,  which  depends  on  r,  &p.  Ip,  and  aajor  radius 
R.  Tlie  value  of  q  varies  with  minor  radiuj  r,  and  has 
a  strong  bearing  on  the  stability  properties  of  the 
plasma . 

The  plasma  is  characterized  t>»sically  by  the 
temperature  of  the  electrons  (T^)  and  ions  (Tj^), 
typically  one  to  several  keV,  and  electron  density  n^ 
(typical  peak  value  1-10  x  10'^  cra“^).  These 

parameters  typically  have  large  values  near  the  center 
of  the  minor  cross  section,  and  decrease  to  small 
values  near  the  limiter  (a  metal  aperture  which  defines 
the  plasma  diameter)  as  illustrated  in  Fig.  2.  Also 
Ingmrtant  are  the  particle  and  energy  confinement  times 
for  ions,  and  x^^,  and  electrons,  x^  and  x^^.  The 
liaslc  goal  of  the  tokamak  is  to  heat  the  plasma  so  t)iat 
t>ie  colliding  ions  can  overcome  the  repulsive  Coulomb 
barrier  (to  permit  fusion),  and  to  provide  sufficient 
density  and  confinement  for  a  sustained  bum,  l.a., 
heat  input  from  fusion  reaction  products  >  power  losses 
from  plaseu.  The  temperature  required  for  the  easiest 
fusion  reaction  to  attain,  that  of  deuterium  and 
tritium,  is  algout  10  keV  or  10^  degrees  K  (1  eV  • 
11,600  K) .  The  required  density  n  and  oonfinement  time 
X  are  specified  by  the  Lawson  criterion,  nx  •  10 cm”* 
sec  [57].  Working  contrary  to  achievement  of  these 


goals  are  several  power-loss  mechanisms  and  ot)ier 
processes  which  tend  to  cool  and  destabilise  tlie  plasma 
and  prevent  attainment  of  high  temperature,  high 
density,  and  good  confinement  [51,58].  Powsr-loes 
mechanisms  Include  radiation,  ionisation,  charge- 
excliange  losses  (a  )iot  ion  la  neutralised  by  capturing 
an  electron  from  a  cold  neutral  atom,  and  is  no  longer 
confined),  conduction,  and  convection.  Because  of  the 
large  thermal  and  density  gradients  possible  and  the 
profound  effect  gradients  can  have  on  cross  field 
transport  of  energy  and  particles,  spatially  resolved 
measurements,  of  T^,  n^,  I  ,  li^urlty  concentration  and 
all  other  quantities  <»  Interest  are  of  great 
importance . 


Fig.  2  Saiig>le  electron  temperature  and  density  profile 
from  PLT  measured  l>y  Thomson  scattering.  ( PPPL-809052 ) 


Because  temperatures  achievable  by  ohmic  heating 
are  limited  to  3-4  keV,  [51]  several  auxiliary  heating 
schemes  are  in  use.  Injection  of  Intense  beams  (up  to 
3  HH  of  power)  of  40-keV  neutral  deuterium  (D*)  atoms 
Into  the  PLT  tokamak  [32,59,60]  has  raised  the  ion 
temperature  from  1  to  7  keV.  Recently,  the  ion 
temperature  in  PDX  was  increased  from  1  to  5.8  keV  by  7 
HH  of  neutral-  beam  power.  Neutral-beam  injection 
experiments  have  been  done  on  other  tokamaks  [61-63] . 
Heating  by  absorption  of  radio-frequency  (RF) 
electromagnetic  radiation  at  several  resonance 
frequencies  characteristic  of  the  plasma  (like  a 
microwave  oven)  >ias  lieen  successfully  tested  [32,64]  . 
Adiabatic  compression  is  another  successful  auxiliary 
heating  technique. 


III.  IHPURITIBS 

In  addition  to  t)ie  working  gas,  traces  of  impurity 
ions  inevitably  enter  the  plasma.  ‘Riese  include  oxygen 
and  carbon  in  the  1-10%  range  (relative  to  n^)  and 
smallerquantlties  (<  1  %)  of  wall  and  limiter  materials 
(Fa,  Cr,  Hi,  Ti,  and  No)  [65] .  Tungsten  (N)  was  also 
used  for  limiters  in  earlier  times.  These  impurities 
can  have  profound  effects,  some  deleterious  and  soma 
)>eneflclal,  on  the  plasma.  The  liiportanco  of  these 
effects  is  indicated  tiy  t)ie  extanaivs  experimental  [66- 
100]  and  theoretical  [101-118]  efforts  by  many  groups 
and  individuals  toward  understanding  Impurity  transport 
and  impurity  effects  on  t)>a  plasma,  impurity  production 
mechanisms,  and  toward  developing  schemes  for  reducing 
impurity  influx  and  raaK>ving  impurities  froai  tlie 
plasma.  Recipes  for  removal  of  adsortiad  oxygen  and 
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okrbon  fron  the  vacuum -vessel  wall  [119]  are  used  for 
all  tokaaaks.  Titanium  Is  evaporated  onto  walls  to 
cover  19  adsorbed  oxygen  [58] •  Special  low  2  limiters 
have  replaced  high  Z  materials  to  avoid  the  deleterious 
effects  of  high  2  In^urltles  In  the  plasma  [58]  . 
Impurity  studies  and  control  has  been  a  major  emphasis 
In  the  PLT  research  program  [58,60]  .  The  POX 
experiment  was  constructed  to  study,  among  other 
effects,  removal  of  In^urltles  by  a  magnetic  divertor 
[50] •  The  ISX-A  tokamak  was  constructed  to  do  Impurity 
studies  and.  In  particular,  to  test  a  concept  for 
preventing  Impurities  fron  flowing  to  the  center  of  the 
plasma  [99,101],  Theoretical  models  of  Impurity 
transport  are  used  to  help  interpret  experimental  data 
[62,102,105,111],  Calculations  of  radiative  power  loss 
have  been  done  for  many  Impurity  Ions,  These  results 
Indicate  that  a  W  density  of  ,01%  of  n^  can  prevent 

Ignition  of  DT  plasma  In  a  tokamak  reactor  [ 107] , 

Because  of  the  Importance  of  lng>urlty  effects  and 

because  a  major  emphasis  of  x-ray  diagnostics  Is 

measureswnt  of  li^urlty  radiation  and  behavior,  we  give 
have  a  brief  review  of  this  subject. 

As  an  impurity  atom  enters  a  tokamak  plasma  It  Is 
Ionized  by  electron  Impact  to  successively  higher 
charge  states  until  a  balance  la  reached  between 
ionization  and  recombination  [6,112,113],  assuming 
steady-state  conditions.  Under  these  equilibrium 
conditions  a  distribution  of  charge  states  exists  (Fig, 
3) ,  This  distribution  can  be  altered  by  motion  of  Ions 
from  hot  to  cooler  regions,  or  vice-versa.  In 
tokamaka.  The  most  probable  charge  state  typically  has 
an  Ionization  potential  approximately  1-2  times  T^, 
The  distribution  la  usually  narrow,  with  4  or  5 
Ionization  stages  existing  at  any  particular 
teagierature.  Thus,  In  a  tokamak,  %<hosa  temperature 
varies  significantly  with  radius  (Fig,  2),  the 
distribution  progresses  continuously  from  low  degrees 
of  Ionization  at  the  periphery  to  higher  stages  at  the 
center,  A  given  charge  state  tends  to  cluster  In  a 
shell  of  several  centimeters  radius.  Low  2  Impurities 
such  as  C  and  O  tend  to  be  fully  stripped  at  the 
center,  whereas  high  2  Ions  are  only  partially 
stripped. 


the  periphery  of  a  reactor  by  low  2  impurities  can  be 
beneficial)  low  edge  temperatures  tend  to  reduce  the 
Influx  of  higher  z  wall  Impurities,  presumably  by 
reducing  sputtering  [32] ,  The  low  2  Impurities  are 
relatively  benign  In  the  center,  as  far  as  energy  loss 
Is  concerned,  since  fully  stripped  Ions  produce  no  line 
radiation.  High  Z  ijnpurltles  In  the  center  can  radiate 
profusely  because  they  have  several  bound  electrons 
which  can  be  excited  [10,33,34,62,80]  ,  Several  people 
have  been  Involved  In  calculations  of  radiation  power 
from  plasmas  [87,106-108,110], 


Fig,  4  Comparison  of  the  radiative  power  loss  for  a 
variety  of  impurities,  ( PPFL-772499 ) 


Fig,  3  Fractional  abundance  of  several  charge  states 
of  Ar  vs,  electron  temperature  for  coronal 
equilibrium,  (PPPI,-783804) 


These  Impurities  affect  the  plasma  In  several 
ways.  They  cool  the  plasma  by  caualng  power  to  be 
radiated  away  via  bramastrahlung,  radiative 
recombination,  and  line  amiaalon  (Fig,  4)  [6,52,107], 

This  oooling  can  be  deleterious  In  the  plasma  oantar, 
iriiieh  we  are  trying  to  heat.  Or  radiation  cooling  of 


Also,  Impurities  increase  the  plasma  resistivity 
and  can  change  the  plasma-current  radial  distribution, 
thereby  affecting  stability  [109,120],  Low  2 

Ingiurities  are  usually  the  worst  offenders  here  since 
high  2  impurities  are  typically  not  present  In 
sufficient  quantities  to  affect  the  plasma  resistivity 
significantly.  As  Impurltly  content  Increases  the 
range  of  stable  operating  conditions  diminishes;  the 
onset  of  degraded  confinement  and  disruptive 
Instabilities  occurs  at  lower  density  and  plasma 
current  [120], 

A  third  harmful  effect  of  liig>urltles  la  dilution 
of  the  reacting  fuel  Iona,  The  overall  effect  of 
inpurities  Is  often  described  In  terms  of  their 
contribution  to  the  effective  charge 
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(1) 


where  the  summation  Is  over  charge  states  of  all 
Ions  of  density  n^^.  For  a  burning  plasma  the  reaction 
rata  of  fusion  poirar  for  fixed  n^  and  T^  is  reduced  by 
a  factor 


f 


off, 
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for  a  li^ufity  of  charge  relative  to  an 
ii^>urity-frci'  plasaa.  For  a  3t  fully  atrlppad  C 
contaalnatlon,  we  gat  “  2  and  f  >  .64  which 
corresponda  to  a  50%  increase  In  the  cost  of 
electricity  [1201 . 

Iiipurltias  can  also  reduce  the  penetration  of 
neutral  beaas  used  for  auxlliiry  heating  due  to  the 
large  croas  section  for  electron  capture  by  highly 
stripped  impurities  from  deuterium. 

rv.  X-RAV  EMISSION  CHARACTERISTICS 

The  x-ray  emission  spectrum  from  tokamaks  consists 
of  a  continuum  with  characteristic  peaks 
auperinposed.  The  continuum  has  two  components 
resulting  from  electron-ion  collisions: 

(1)  free-free  (ff)  bremastrahlung  on  hydrogen 
isotopes  wd  impurity  Iona,  and 

(2)  free-bound  (fb)  recombination  of  electrons  with 
impurity  ions. 

The  dependence  of  the  continuum  intensity  on  atomic  and 
plasM  parameters  has  been  treated  in  detail  [6,8] . 
For  our  purpoaes  it  is  sufficient  to  note  that  the 
bremastrahlung  emission  is 


^^^f  ‘  I  -xpl-lc/T,)  .  (3) 

trtiere  AM  la  the  radiated  power  per  into  the  photon 

energy  Interval  Ak,  n^  and  n^  the  electron  and  ion 
density,  ihe  ion  charge  relevant  for  free-free 

transitions  (  •  nuclear  charge),  k  the  photon  energy, 
and  T^  the  electron  temperature.  For  recombination 
radiation  in  the  energy  range  above  the  ionization 
potential  of  the  recombining  ion,  we  can  write 


^Ak' 


fb 


^Ak^ 


ff 


tTi 


1) 


(4) 


because  fb  and  ff  radiation  have  the  same  spectral 
shape.  The  parameter  is  the  enhancement  of  the 
continuum  radiation  over  bremastrahlung  due  to  the 
recombination  radiation.  The  dependence  of  the  line 
radiation  spectrum  on  impurity  content,  atomic  physics, 
and  plasms  parweters  has  also  been  treated  in  detail 
for  some  impurities  [118,121]. 

Examples  of  typical  x-ray  emission  spectra  from 
the  FDX  tokamak  and  the  BBT  device  at  Oak  Ridge 
National  Laboratory,  respectively,  are  sho*m  in  Figs.  5 
and  6.  Absolute  measurements  of  some  impurity  line 
intensities  in  the  USX  region  have  Iseen  given  [92] . 
The  volume  emlsslvity  of  photons  varies  strongly  with 
energy  and  impurity  concentration.  Typical  values  may 
range  from  near  10^®  cm"^  aec”^  for  the  Hi  XJW  118A 
line  [92]  to  1o'^  cm"^  sec"'  keV”'  and  10®  cm"®  sec”' 
keV”^  for  the  continuum  at  1  and  10  keV,  resMCtively, 
for  a  plasma  with  T,  -  1  keV  and  n^  -  5  x  1o'^  cm"®. 

Me  see  that  line  and  continuum  intensities  can  vary  by 
many  orders  of  magnitude  over  the  spectral  range  of 
interest.  Thus  x-ray  diagnostics  must  cover  a  wide 
dynamic  range.  Me  make  three  general  observations: 


(3)  The  enhancement  factor  Yi  typically  <  10  for 
clean  discharges  [8,  15]  but  under  scam  circum¬ 
stances  can  be  as  large  as  ~  1000  [15,36].  This 
factor  depends  strongly  on  the  ionization  stage 
of  an  Impurity  ion  [6]  .  Thus  for  a  quantitative 
evaluation  of  t>M  continuum,  the  ion  densities 
and  charge-state  dlstrlbutl'  ->%  must  be  Icnown. 
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( 1 )  The  continuum  spectrum  has  an  eiq^ential 
dependence  on  photon  energy.  The  slope  on  a 
semilogarlt)imlc  plot  is  -1/T^.  Using  this  we  can 
measure  T^  from  the  continutmi  spectrum. 

(2)  The  intensity  of  the  continuum  depends  on  the 

relevant  ion  charge  as  hj^Z^.  Thus  a 

relatively  small  ion  fraction  n^^  can  produce  a 
relatively  largo  contribution  since  Z®  is 
typically  large. 


Fig.  5  PHA  x-ray  spectra  from  four  chords  of  PDK  at 
r  ■  0,  12,  16,  and  24  cm.  Temperature  profiles  at 

several  times,  deduced  from  x-ray  contlnua,  are  shown 
in  inset.  (PI>I*L-793687) 
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Fig*  6  X-ray  spectrum  from  the  EBT  device  measured 
an  array  of  Sl(Ll)  detectore.  (Ref.  122). 

V.  X-RAY  DIAGNOSTIC  INSTRUMENTS 

There  are  several  types  of  x-ray  diagnostics  used 
for  tokamak  research.  Bach  has  Its  own  purpose  baaed 
on  Its  characteristics.  These  Include:  (1)  energy 
range,  (2)  energy  resolution,  (3)  tisw  resolution,  and 

(4)  spatial  resolution. 

In  the  fallowing  sections  some  of  these 
Instruments  will  be  decrlbed.  Their  principles, 
geometry,  sode  of  operation,  characteristics,  and 
examples  of  data  with  some  Interpretation  will  be 
presented.  The  grazing  Incidence  diffraction-grating 
spectrometer,  traditionally  considered  a  vacuum- 
ultraviolet  (VUV)  Instrument,  will  be  Included  since 
Important  work  In  the  low  energy  x-ray  region  has  been 
done  using  this  Instrument. 

Briefly  the  Instruments  to  be  described  and  their 
basic  characteristics  are  as  follows: 

(1)  Pulse  Height  Analyzer  (FHA)  -  wide  spectral 

range,  moderate  time  and  energy  resolution,  and 
moderate  spatial  resolution. 

(2)  X-ray  Crystal  Spectrometer  (XCS)  -  Narrow 

spectral  range,  very  good  energy  resolution,  emd 
moderate  time  and  spatial  resolution. 

(3)  X-ray  Imaging  System  (XIS)  -  broad  spectral 

range,  crude  energy  resolution,  very  good  time 
resolution,  and  good  spatial  resolution. 

(4)  Rotating  Crystal  Spectrometer  (RCS)  -  moderate 

spectral  range,  good  energy  resolution,  moderate 
to  good  time  resolution,  and  moderate  spatial 

resolution . 

(5)  Grazing  Incidence  Spectrometer  and  Monochromator 
(GISMO)  -  broad  spectral  range,  good  time 
resolution,  good  to  very  good  energy  resolution, 
and  good  spatial  resolution. 

(6)  Other  Instruments  with  various  characteristics. 

The  diagnostic  names,  acronyms,  and  Instrument 
decriptlons  to  follow  are  characteristic  of  Instruments 
used  at  PPPL  In  the  x-ray  group  and  UV,  visible 

spectroscopy  group.  Similar  types  of  diagnostics, 
however,  are  used  at  many  other  laboratories. 

A.  PULSE  HEIGHT  ANALYZER 

The  Pulse-Height  Analyser  (PKA)  x-ray  diagnostic 
Is  a  vary  useful  and  versatile  Instrument.  It  is  used 


on  many  present  day  tokamaks  [6,13,15,17,  18,  30,  123,1 
and  other  fusion  experiments  [ 122] .  It  provides  a 
broad  overview  of  the  x-ray  emission  and  yields 
tea^rally  and  spatially  resolved  measuranmnta  of  T^ 
from  the  slope  of  the  continuum,  high  and  low  Z 
impurity  concentration  ( from  respectively.  Impurity 
line  Intensities  and  enhancement  of  the  oontlnuum  over 
bremsstrahlung  via  recombination),  and  Information  on 
non-Maxwelllan  features  of  the  electroiweloclty 
distribution  [6] .  Sample  PHA  spectra  have  been  shown 
In  Fig,  5.  The  x-ray  energy  range  at  PPPL  tvas 
historically  been  limited  to  1-30  keV  because  of 
beryllium  vacuum  windows  and  thin  llthlum-drlfted 
silicon  or  Si(Ll)  detectors.  Recently,  however,  the 
PHA  on  PDX  has  been  extended  to  the  sub-kilovolt  region 
by  li^lementatlon  of  a  windowless  Sl(Ll)  detector. 
This  type  of  detector  has  already  been  In  use  at  other 
laboratories  [122).  Figure  7  (located  after 

references)  Illustrates  the  principle  of  the  PHA  [6]  . 
The  PHA  may  consist  of  one  pivotable  tube  (for  spatial 
scanning)  or  several  tubas  to  view  several  regions  of 
the  plasma  simultaneously.  In  each  tube  a  set  of 
collimators  directs  the  x  rays  to  one  or  more  Si(Ll) 
detectors.  Multi-detectors  are  used  to  Improve  the 
time  resolution  and  statistics  by  Increasing  the  net 
count  rate  of  the  system.  The  main  technical 
limitation  here  Is  pulse  plle-up  at  Itlgh  rates  [6,14] 
(two  pulses  arriving  simultaneously  at  t)»  detector  are 
additive  and  register  as  one  pulse  at  higher  energy). 
The  effects  of  pulse  pile-up  are  eicacerbated  by  the 
exponentially  decreasing  continuum  spectrum.  A  few 
piled-up  low  energy  pulses,  due  to  high  intensity,  can 
cause  a  relatively  large  distortion  of  the  spectrum  at 
higher  energy  where  the  count  rate  Is  much  lower.  The 
PHA  minimizes  this  problem  by  constraining,  by  means  of 
absorber  foils  and  apertures,  each  of  several  detectors 
to  focus  on  a  portion  of  the  total  spectrum.  The  low- 
energy  detector  has  a  thin  foil  to  pass  low  energy 
radiation  and  a  small  aperture  to  reduce  the  count  rate 
to  an  acceptable  range.  Higher  energy  channels  have 
successively  thiciter  foils  and  larger  apertures  to 
equalize  count  rate.  From  tlw  partial  spectra  from 
each  detector  the  computer  synthesizes  a  single  total 
spectriaa  by: 

(a)  correcting  each  spectrum  for  its  absorber  and 
aperture  size, 

(b)  discarding  the  higher  energy  portions  which  may 
be  susceptible  to  pile-up  distortion,  and 

(c)  overlaying  the  separate  spectra  (mathematically) 
on  a  common  scale. 

Four  composite  spectra  measured  from  four 
different  chords  of  t)ie  PDX  tokamak  are  displayed  In 
Fig  5.  The  energy  resolution  of  the  PHA  must  be  ~  200 
eV  FMHM  at  6  keV  to  permit  separation  of  Ka  impurity 
peaks  from  Fe,  Cr,  and  Nl.  These  peaks  are  shifted 
toward  higher  energy,  relative  to  the  ESj  2  pme)c8>  end 
broadened  because  of  the  distribution  of  eialttlng 
charge  states  [21] .  Good  energy  resolution  Is  also 
Important  to  permit  separation  of  peaks  from  the 
contlnuixa  so  that  undlstorted  regions  of  tin  continuum 
are  available  for  T,  determination.  To  obtain  time 
resolution,  sixteen  or  more  spectra  are  taken  during  a 
single  1-second  discharge.  This  time  resolution  is 
limited  at  present  to  about  SO  ms  by  (a)  the  need  for 
reasonable  statistics  In  a  spectrum,  (b)  count-rate 
limitations  of  the  detectors  at  the  required  energy 
resolution,  and  (c)  the  maximum  number  of  detectors 
which  can  reasonably  be  used  In  one  PHA  tube.  The  PHA 
on  PLT  has  four  detectors  [6,9] ,  PDX  has  three 
detectors  per  tube  for  each  of  five  tubas  [30],  and  the 
TFTR  PHA  will  have  eight  tubes  each  with  six  detectors 
[125).  Any  Improvement  In  the  time  resolution  such  as 
by  Improvement  of  pulse-pileup  rejection,  development 
of  higher  transconductance  FBT'a  [126]^  etc.,  would  be 
welcomed. 

Figure  6  Is  a  nice  spectrum  from  the  5-detactor 
Si  (Li)  array  on  EBT  showing  a  prominent  A1  Xn  peak 
[122]  .  The  oontlnuum  slope  Indicates  a  T,  value  of  850 
eV. 
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B.  THE  X-RAY  CRYSTAL  SPECTROHETER 

Crystal  apectrooietera  hava  b«an  used  for  detailed 
Investigations  of  li^urlty  line  radiation  In  both  the 
soft  x-ray  region  (SX)  and  the  ultra-soft  x-ray  (USX) 
region.  Wavelength  scanning  (point  by  point)  flat 
crystal  spectroneters  and  curved  crystal  multiwave¬ 
length  polychrometers  will  be  be  treated  In  this 
section.  A  newly  developed  dynamically  rotating  flat 
crystal  spectrometer  will  be  described  In  a  separate 
section . 

Shot-to-shot  scanning  of  x-ray  spectra  using  flat 
crystal  spectrometers  has  been  used  both  on  6-pinchea 
for  measurement  of  impurities  [127]  and  for 
investigation  of  temperature  diagnostics  by  measurement 
of  dlelectronic-recombinatlon  line  Intensities  (AS) , 
and  on  tokamalcs  for  separation  of  Ka  radiation  from 
different  cliarge  states  of  FS  [128]  ,  for  Investigation 
of  oxygen  K  and  Fe  L  spectra  In  the  region  .5-1  keV 
[6] ,  and  for  measurement  of  Ho  and  Cl  emission  [82]  . 
Curved  crystal  spectrometers  whldt  are  much  superior  to 
the  scanning  flat  crystal  Instruatents  have  been 
recently  developed.  These  have  much  higher  Intensity 
and  are  equipped  with  a  position  sensitive  detector 
which  allows  simultaneous  measurement  of  an  entire 
spectrum,  avoiding  t)ie  problems  associated  with  a)x>t- 
to-shot  reproducibility  [21].  While  these  Instruments 
have  so  far  been  used  only  In  the  SX  region,  the 
principle  is  capable  of  extension  to  the  USX  region, 
although  complications  exist.  These  Include:  (1) 
operation  In  vacuum,  (2)  use  of  thin  window  or 
windowless  detectors,  and  (3)  more  severe  limitations 
on  resolution  because  of  the  relatively  broad 
(E/dE  <  2000)  crystal  rocking  curves. 

The  multiwavelength  Johann  curved  crystal 
spectrometer,  recently  dublMd  X-Ray  Crystal 
Spectrometer  (XCS) ,  was  first  used  on  tokamaks  (FLT) 
with  film  recording  [129]  for  Investigation  of  Fe  Ks 
spectra.  Subsequently,  an  Improved  version  tdth  time- 
dependent  readout  using  a  posit  ion -sensitive  multiwire 
proportlonS'l  counter  was  dsveloped  [21]  .  The  principle 
of  operation  of  this  XCS  la  lllustred  In  Fig.  8.  Also 
shown  is  a  crystal  aountad  In  a  jig  used  for  bending 
and  holding  It  to  a  cylindrical  shape.  X  rays  from  the 
plasma  pass  throu^  a  vacuum  tight  iMrylllua  window 
Into  tubes  filled  with  helium  to  minimise  x-ray 
attenuation.  X  rays  of  different  wavelengths  (e.g., 
and  Xj)  from  different  parts  of  the  plasma  are 
diffracted  according  to  the  Bragg  relation  nX  •  2d  sln8 
(n  -  order,  X  >  wavelength,  d  •  spacing  of  crystal 


lattice  planes,  6  »  Bragg  angle)  and  focussed  to 

corresponding  points  on  t)w  Rowland  circle  of  radius 
R.  The  range  of  wavelengths  or  energies  idiich  can  be 
covered  during  a  single  Integration  period  is 
determined  by  the  crystal  angular  dispersion,  the 
detector  length  Jt,  euid  t)w  crystal-to-detector  distance 
R  Sind, 


The  energy  resolution  la  determined  by  the  position 
resolution  of  t)ie  detector,  t)ie  distance  from  crystal 
to  detector,  and  the  crystal  rocking-curve  width. 

The  XCS  was  first  used  on  PLT  to  study  t)ie  charge- 
state  distribution  of  FS  XVIII  -  Fe  XXV  Ions  [21]  .  A 
knowledge  of  this  distribution  Is  Important  for  (a) 
absolute  measurement  of  Fie  concentration  from  tlM  FS 
peak  of  the  PDA  spectnmi  (since  excitation  rate  varies 
with  charge  state),  (b)  realistic  studies  of  transport 
of  Fe  Ions,  and  (c)  verification  of  theoretical 
excitation  and  recombination  rates.  As  the  central 
electron  temperature  T  (0)  Increases  the  Iron  Is 
Ionized  to  a  higher  (^rge  state  and  the  spectrum 
shifts  to  higher  energies  (Fig.  9). 


CURVED -CRYSTAL  SPECTROMETER 


Ht'FilM 


65  6.6  6 

X-RAY  ENERGY  (keV) 

Fig.  9  Saaq>le  FW  Ka  spectra  at  different  electron 
Fig.  8  Schematic  of  the  Johann  X-Ray  (Crystal  temperatures  illustrate  t)M  shift  to  higher  Ionisation 
Spectrometer  used  on  PLT  and  PDX.  (PPPL-773846)  states  as  temperature  increases.  (PPPL-7733660) 
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For  th*M  aMaaraaants  an  XC8  with  R  •  5b, 
B/AS  •  1700,  and  using  a  Ga  (220)  crystal  was  uasd. 
lha  spatial  resolution  of  tha  proportional  counter  was 
.4  aa.  TO  obtain  tlaa  resolution  of  ~  50  as,  16 
spectra  can  be  recorded  during  a  1  second  discharge, 
althou^  data  frca  several  alallar  dlachargas  aay  have 
to  be  added  for  resonable  statistics, 

More  recently  the  XCS  on  tta  was  greatly  laproved 
by  substitution  of  an  a-quarts  (2233)  crystal  with  R  - 
3,33  a  to  provide  a  resolving  power  M/tM  “  15000,  An 
Pe  apectruB  asaaured  with  this  spectroaeter  is  shown  in 
Fig,  10  [22,37],  The  pealcs  shown  include  resonance 

lines  of  Fe  XXIII  -  Fe  XXV  (p,  q,  w,  respectively), 
forbidden  (z)  and  intercoablnatlon  (x,y)  lines  of  Fe 
XXV,  and  llthluB-llIca  satellites  excited  eostly  via 
dlelectronlc  recoablnatlon. 


Fig,  10  Saaple  ultra-high  resolution  Fe  Ka  spectrum 
frca  PI>T,  The  resonance  line  w  of  Fe  XXV  at  1,8SA  Is 
used  for  Doppler  lon-teaq>erature  aeasureaent, 
(PPFi:--793023) 


This  ultra-high  resolution  XCS  was  developed 
aalnly  to  aeasure  ion  teaperature  Tj^  by  Doppler 
broadening  of  the  Fe  XXV  hsllua-lllce  resonance  line 
w,  A  siailar  high  resolution  (B/AB  -  23000)  XCS  using 
an  a-quartz  (2033)  crystal  has  been  installed  on  the 
POX  totcaaalc  at  PPFL  for  Tj^  aeasureaents  and  other 
investigations  using  x  rays  froa  highly  ionized 
tltanlisi  Ions,  As  shown  in  Fig,  11  this  spectroaeter 
)ias  asasured  Ion  teaperature  Increases  froa  ~1,0  to  5,8 
keV  resulting  froa  ~  7  Ml  of  RBI  heating.  This  figure 
s)iows  tha  tlaa  liistory  of  T^^  as  Inferred  froa  Voigt- 
functlon  fits  to  the  Doppler  broadened  tltanlin  XXI 
1s-2p  resonance  line. 

Detailed  studies  of  intensity  ratios  of  various 
paa)cs  indicated  In  Fig,  10,  relative  to  line  w,  as  a 
function  of  T^  and  n^  have  desonstrated  several  other 
useful  aspects  of  the  hlgh-reaolutlon  spectra.  These 
include  aeasureaent  of  T^  froa  the  ratio  I^/I^>  the 
iepartura  of  Fe  charge  states  froa  ionization 
aqullibriua,  dlelectronlc  recoablnatlon  rates,  and 
iapurity  transport  rates.  Theoretical  work  by  Gabriel 
and  ooworkers  was  used  as  a  basis  for  soae  of  these 
aeasureaents  [ 37] ,  Tha  TFR  Group  has  recently  reported 
slallar  studies  in  the  OSX  region  for  oxygen  ions 

[124], 

A  different  type  of  high  resolution  crystal 

spectroaeter  using  the  design  of  von  Raaos  and  a 
reslstlve-anoda  position  sensitive  proportional  counter 
liaa  recently  becoas  operational  on  the  Alcator  c 
tokaaak  at  NIT  [130]  ,  Hsasureasnts  of  Cl  and  S  X 

spectra  have  bean  reported,  A  higher  resolution 
version  has  just  been  Inplaasnted  for  lon-tsaperatura 
dataralnation  [131], 

Tha  laportance  of  tha  XCS  for  T^  asasureaant 

Increases  for  larger,  hlgtier  density  future  tokaaak 


Tim  (mtc) 


Pig,  11  n>e  Ion  temperature  In  PDX  derived  from 
Doppler  broadening  of  t)ie  Ti  XXI  2,6lA  line  during  a 
neutral-beam  heated  discharge.  (PPPL-81X2151 ) 


plasmas.  Other  T^^  measurement  techniques  will  becoae 
severely  limited  for  reactor  plasmas  [5] . 

C.  THE  X-RAY  INAGIMG  SYSTEMS 

Development  of  the  technique  used  for  the  X-ray 
Imaging  Systems  (XIS)  )>as  revolutionized  the  study  of 
magnetohydrodynaalc  (NHD)  plasma  Instabilities  or 
fluctuations  in  tokaaaks,  Ose  of  this  technique  of 
measuring  x  ray  fluctuations  In  tokamaks  has  been 
actively  pursued  at  many  laboratories  sinoe  about  1972 
[23-27,132-138]  when  'sawtooth  oscillations*  were 
discovered  in  the  intensity  of  x-ray  emission  from  the 
ST  tokaaak,  as  measured  by  a  two-detector  systea 
[ 132} .  Because  of  the  profound  effect,  deleterious  In 
some  cases  and  beneficial  in  others,  the  various  aodes 
of  oscillation  can  have  on  plasms  particle  and  energy 
confinement,  NFB  theorists  and  experlaentalists  have 
devoted  much  effort  to  aeasureaent  and  interpretation 
of  these  fluctuations  [23-27,132-139],  In  addition, 
t)<e  XIS  has  bean  extreaely  useful  In  characterizing  the 
effects  of  iapurity  radiation  on  tokaaak  behavior  and 
understanding  the  behavior  and  means  of  controlling 
impurities  [10]  .  Various  investigators  have  also  used 
the  XIS  technique  on  tokaaaks  to  measure  plasma 
toroidal  rotation  [6]  ,  electron  heat  conductivity 
[ 140] ,  and  dlelectronlc  recombination  coefficients  of 
Impurity  ions  [47]  .  A  further  use  Is  aeasureaent  of 
plasaa  position. 

The  principle  of  the  XIS  is  Illustrated  In  Fig. 
12,  It  is  essentially  a  slot~hole  x-ray  camera.  An 
array  of  x-ray  detectors  views  the  plasaa  through  a 
slot,  permitting  measurement  of  the  line  Integrated  x- 
ray  Intensity  froa  several  chords  of  the  plasaa,  ms 
x-ray  Intensity  is  modulated  by  rapid  density  and 
teaperature  variations  which  accompany  the  propagation 
of  waves  or  fluctuations  through  the  plasaa.  The 
detectors  are  typically  silicon  surface-barrier  or  FIH 
diodes,  operated  In  current  mode.  The  x-ray  energy 
range  of  sensitivity  of  the  diodes  is  usually  liiaitad 
to  greater  than  ,1  keV  by  ^sorption  in  a  gold  contact 
layer,  typically  40  pg/ca^,  and  a  SiOj  dead  layer, 
typically  7  |ig/ca',  on  t)M  surface  of  the  detector. 
The  transmission  of  these  layers  Is  given  In  [6]  .  The 
high  energy  efficiency  depends  on  the  effective 

thickness  of  the  detector.  Rough  estimates  of  the 
spectral  composition  of  the  radiation  are  obtained  by 
inserting  absorl>er  foils  into  the  x-ray  path. 
Reference  [6]  shows  the  transmission  factor  for  various 
foils  used  on  the  FLT  Xis. 

The  time  scale  for  fluctuations  In  tokamaks  ranges 
from  t)ie  millisecond  to  t)w  microsecond  range.  Typical 


currants  qanerated  in  the  datectors  range  fxam  a  few 
nanoaogieres  to  tans  of  aUcroaeparas .  Thus  the  current 
In  the  detectors  Bust  bs  aiqpXlfled  by  low  noise,  wide 
band  aapH^lw^*'  Typical  noise  levels  are  .3  nA  ros 
for  a  500  kHz  bandwidth  [6]  •  The  currant  Is  recorded 
by  transient  digitizers  at  rates  of  a  few  kHz  to  1  HRz 


PLT/PDX  X-RAY  WAVE  DETECTOR  SYSTEM 
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Pig.  12  Schematic  of  x-ray  imaging  system  using  an 
array  of  silicon  surface-barrier  detectors,  as  used  on 
PLT.  (PPPI.-796219) 
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Pig.  13  X-ray  emisslvlty  vs.  time  for  several  chords 
from  PDX,  showing  an  m-1  oscillation.  Stars  Indicate 
chord  radlue  and  zero  level  of  emisslvlty. 
(PPPL-796219) 


Por  SHOT  ZS8ZI 

or  stored  on  magnetic  tape  for  later  analysis.  On  PLT  8 
the  digitizing  rate  Is  swltchable  during  the  plasma 
shot,  in  order  to  permit  measurement  of  details  of  fast 
phenomena  such  as  disruptions. 

Pigure  13  shows  typical  data  from  several  , 

detectors  of  the  imaging  array  on  POX  during  a  portion 
of  a  discharge.  Graphed  is  detector  current  or  line 
integrated  x-ray  emisslvlty  as  a  function  of  time.  The 
stars  Indicate  both  chord  radius  and  the  zero  Intensity 
level  for  that  chord.  An  m^1  oscillation  of  the  4 

plasma  ooluran  about  Its  equilibrium  position  occurs, 
where  m  refers  to  the  mode  number  of  a  fourier 
expansion  of  the  displacement  In  the  pololdal  angle 

4.  Prom  these  data  we  can  also  construct  the  time 
dependence  of  the  radial  emisslvlty  profiles  as  shown  2 

In  Pig.  14.  These  particular  m>1  oscillations  were 
caused  by  neutral  beam  heating. 

Emission  in  the  ultra-soft  x  ray  (USX)  range  (0.1 
<  B  <  1  keV)  is  often  a  significant  energy-loss  q 

mechanism  and  an  excellent  medium  for  monitoring 
particle  transport  ^md  magnetic  field  evolution.  A  60  ^0  20  0  20  40  GO 

detailed  presentation  of  the  use  of  the  broadband  Xis  TOP  (cm)  BOTTOM 

arrays  for  studying  the  USX  with  good  spatial  (~  1  cm) 
and  temporal  (  ~  1  ms  -  1  ps)  resolution  has  been 

given  by  Barnes  (10]  .  Several  interesting  and  Pig.  14  Radial  profiles  of  x-ray  esiisslvlty  vs.  time 

significant  phenomena  have  been  observed.  Por  example  for  the  ofl  oscillation  of  Pig.  13.  (PPPL-806e33) 

rf  heating  at  the  ion  cyclotron  frequency  (ICRH) 
resulted  In  a  factor  of  2.5  Increase  In  the  Influx  of 

both  Pe  and  deuterium  into  the  plasma,  with  little  oscillations  are  explained  as  a  cyclic  process  In  which 

change  in  confinement  time  (t  «  40  ms).  With  neutral  the  plasma  is  preferentially  heated  in  the  center 

beam  Injection  in  the  direction  opposite  to  the  plasma  causing  the  soft  x-ray  sialssivity  to  slowly  rise  and 

current,  evidence  was  noted  of  an  Increase  In  both  the  the  current  to  redistribute  to  a  more  peaked  profile 

tungsten  flux  and  its  concentration  at  the  center  of  (23,26] .  At  some  point  NRD  or  mlcrostablllty  processes 

the  plasma.  The  power  emission  density  at  the  center  become  unstable,  and  the  peak  collapses  or  flattens, 

of  the  discharge  was  a  very  large  2  V/car  just  before  a  the  energy  being  rapidly  transported  outwards.  n>ls 

disruption  occurred.  The  tungsten  concentration,  causes  a  sudden  drop  In  soft  x-ray  amission  near  the 
relative  to  n  ,  was  four  times  larger  at  the  center  center  where  the  temperature  drops  and  a  sudden  rise  In 

than  at  one  half  the  minor  radius.  emission  at  large  radii,  where  the  heat  is  deposited. 

Another  unusual  observation  was  inverted  A  puzzling  observation  was  that  of  so-called 

"sawtooth"  oscillations  in  the  USX  emission.  While  the  "Implosive"  disruptions  [10].  During  the  more  cosnon 
soft  x-ray  (SX)  emission  (B  >  1  keV)  decreases  at  the  "explosive"  disruptions  both  the  USX  and  the  SX  (Pig. 

center,  the  USX  radiation  Increases.  Sawtooth  15)  emission  decrease  rapidly  at  the  center  and 
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IncrMM  at  th«  adgaa<  Ihla  la  auggastlva  of  a 
iBovoaant  of  tha  plaaaa  outward  frot  tha  cantor,  hanca, 
tha  noM  *axpl08l«a.*  During  'laploaivo*  dlsruptiona, 
whlla  tha  SX  aalaaion  axhlblta  tha  uaual  bahavior,  tha 
USX  aadaslon  Incraaaoa  at  all  radii  (Pig.  16) .  tha 
incraaaa  at  tha  cantor  ia  auggaativo  of  oovaawnt  of  tha 
plaaaa  toward  tha  cantor,  froa  which  tha  tana 
"Imploaiva*  darivaa.  Alao  obaorvod  during  tha 
laploaivo  diaruption  aro  an  juyaaMtric  aoft  x-ray  flaah 
laating  for  10-20  (la  and  a  aiaultanaoua  doubling  of  the 
USX  ooiaaion  over  tha  plasma  croaa  section  in  10  pa. 
The  soft  x-ray  flaah  is  balieved  to  be  due  to 
converalon  of  magnetic  energy  into  kinetic  energy.  The 
doubling  of  the  USX  emissicxi  over  such  a  short  time 
scale  was  scoewhat  difficult  to  explain.  A  tentative 
explanation  is  enhanced  oxygen  radiation  [ 10] . 


Fig.  15  Soft  x-ray  traces  vs.  time  from  imaging  system 
on  PI/T  showing  an  explosive  disruption  at  305.2  nis. 
(PPPI.-793050) 


TIME  ( mitci) 

Fig.  16  la^losive  type  of  disruption  at  514  ms  as 
measured  by  ultra  soft  x-ray  Imaging  systan  on  PLT. 
(PPPL-793049) 


0.  THX  ROTATING  CfWSTAI.  AMD  GRAZING  mCIDEMCB 
SPBCTRONITBRS 

The  recent  development  of  tha  Rotating  Crystal 
Spactromatar  (RCS)  [10,141]  at  PPL  has  caused  a 
traaendoua  increase  in  the  volume  of  high  resolution 
USX  data  measurable  from  tokamaka,  as  compared  to 
graslng-incldance  grating  spactromatars .  The  small 
sisa,  light  weight,  and  ralative  simplicity  of 
construction  of  the  RCS  all  rapraaant  significant 
Isprovoments  in  versatility  and  in  suitability  as  a 
nultlchordal  instruswnt  for  t^amak  measuramants .  Sven 
so,  tha  RCS  is  by  no  means  a  raplacament  for  the 
grasing-lncldence  grating  monochromator  and 
spectrometer  (GISHO)  which  has  been  used  for  decades 
for  high  resolution  spectrometry  of  NFE  plasma.  The 
two  instruments  aro,  rather,  complementary,  with  GI8NO 
extending  to  longer  wavelength  and  providing  absolute 
intensity  measurements.  GISNO  is  compared  with  the  RCS 
here  only  because  the  two  instruments  partially  overlap 
in  apectral  range  and  are  used  for  similar  purposes. 

Tha  RCS  can  scan  the  entire  spectrum  from  500  eV 
to  2  keV  with  good  energy  resolution  (E/AE  ~  400) 
twenty  times  during  a  tokamak  discharge,  giving  a  time 
resolution  of  50  ns.  Alternatively,  the  RCS  crystal 
can  be  fixed  at  one  setting  to  provide  very  good  time 
resolution  for  one  spectral  point.  The  GISMO  -  type 
Instrument  using  film  requires  .  Instead  twenty 
discharges  to  cover  t)ie  range  200-1000  eV.  Using 

photoelectric  readout  the  GISHO  can  measure  the 
intensity  at  only  two  points  of  the  entire  spectrum 
during  one  discharge,  so  tliat  many  discharges  would  be 
required  to  scan  the  entire  spectrum.  The  RCS, 
however,  nay  present  some  problems  with  regard  to 
alisolute  calibration  since  it  detector,  a  series  of 

mlcrochannel  plates,  has  rapid  variations  in  efficiency 
as  the  angle  of  incidence  of  the  radiation  is  varied. 

The  RCS  is  shown  in  Fig.  17  (following 

references).  A  soller  collimator  limits  the  angular 
divergence  of  the  radiation  from  the  plasma  to  roughly 
.1  degree.  A  set  of  absorl>er  foils  of  1  gm  parylene 
and  .6  lira  Al  reduces  background  due  to  Intense 
radiation  at  wavelengths  longer  than  26A  [141].  The 

radiation  is  Bragg  diffracted  from  a  TAP  or  AdP  plane 

crystal  and  detected  by  a  set  of  four  Chevron 

mlcrochannel  plates  (NCP)  arranged  on  a  senicircle. 
The  front  surface  of  each  HCP  pair  has  a  HgFj  coating 
to  enhance  its  sensitivity  to  soft  x  rays.  The  signal 
output  consists  of  current  to  the  collector  plates.  In 
order  to  obtain  spectra  the  crystal  is  rotated, 
typically  at  10  revolutions  per  second,  and  the 
collector  current  is  measured  as  a  function  of  time. 
The  energy  calibration,  l.a.,  the  Bragg  angle,  is 
detemined  by  interrupting  the  light  from  an  LEO  to  a 
photodetector  by  a  slotted  disk  which  rotates 

synchronously  with  the  crystal. 

Figure  18  shows  output  traces  during  a  plasma  shot 
recorded  with  a  transient  analyzer.  Traces  (a)  show 
tha  signal  from  the  photodetector,  which  is  produced  by 
the  slotted  disk  interrupting  t)te  light  beam  from  the 
LED.  One  of  tha  slots  has  been  covered  to  provide  a 
reference  for  angle  determination.  Figure  18b  shows 
the  current  to  the  collector  plates  of  the  NCP. 
Spectra  are  produced  alternately  liy  the  TAP  and  t)>e  AdP 
crystal.  The  spectra  with  higher  intensity  are  from 
the  TAP  crystal,  irtilch  spans  the  wavelength  region  10- 
17  A  where  the  iron  L  radiation  is  located.  The  two 
lower  spectra  show  iron  L  lines  on  an  expanded  time 
scale  early  and  lata  in  the  discharge.  During  the 
early  tines  Fe  XVII  lines  are  dominant  (t  »  109-110 
ms).  Later  all  Fe  charge  states  are  present  (t  ■*  309- 
310  ns).  Figure  19  (after  references)  shows  an  Fe  L 
spectrum  late  during  a  PLT  discharge.  Peak 
identifications  ware  made  from  Identifications  of 
prominent  Fe  L  lines  in  solar  flare  and  laser  plasmas 
[10,141].  Another  spectrum  from  an  oxygen-rich 
discharge  is  shown  in  Fig.  20.  By  tilting  the  RCS 
about  a  pivot  point,  chordal  profiles  of  x-ray  endsslon 
can  be  measured.  Figure  21  shows  such  profiles  of 
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savaral  najor  iron  I^-transltlons  for  different  charge 
states. 

The  grating  Incidence  diffraction  grati-':g 
spectroMter  and  aonochroaator  has  long  bean  used  as  a 
standard  diagnostic  for  monitoring  radiation  from 
tokamak  plasmas,  both  in  the  low  energy  x-ray  region 
and  at  lower  energies  (B  <  .1  kaV) •  These  instruments 
are  cowssreially  available  and  are  described  in  the 
literature  [29] •  Both  photographic  (broadband,  time- 
integrated)  and  photoelectric  (one  or  two  narrow 
wavelength  regions,  time-resolved)  detection  have  been 


Fig.  18  Output  from  rotating  crystal  spectrometer  ^ith 
3  different  time  scales.  (a)  Timing  pulses  generated 
whan  a  slot  in  tlie  rotating  disk  passes  the  bED.  (b) 
MicroChannel  plate  output  obtained  as  the  crystal 
rotates.  (PPI>I,'809056) 


used  [63,79,80]. 

Comparison  of  photographic  spectra  from  ORMAK  with 
theoretical  calculations  for  emission  from  tungsten 
XXXI-XXXV  identified  W  dn-o  transitions  as  the  source 
of  intense  pseudo-contlnua  in  the  40-70  A  region 
[SO]  .  Similar  pseudo-contlnua  near  50  A  and  other 
bands  at  longer  wavelength  have  also  been  observed  in 
the  Japanese  tokamak  DIVA  [34,35,94] .  These  oontlnua 
are  evidently  largely  due  to  thousands  of  unresolved 
dn-o  transitions  involving  the  4d  electrons  of  several 
charge  states  of  tungsten.  In  ORMAK  [80]  and  PLT  [33] 
these  bands  of  radiation  often  accounted  for  40-80%  of 
tlM  radiated  power  and  led  to  or  contributed  toward 
undesirable  effects  such  as  poor  confinement  and  hollow 
temperature  profiles  (cool  central  plasma).  It  waa 
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Fig.  20  Oxygen  K  spectrum  from  PLT  discharge  with  high 
oxygen  level.  (PPPL-809110) 


Fig.  21  Chord  integrated  intensity  profiles  of  several 
iron-L  transitions  for  different  charge  states, 
measured  by  the  rotating  crystal  spectrometer. 
(PPPL-80674B) 


possible  to  reduce  the  tungsten  content  through  cooling 
of  the  plasma  edge  by  adding  small  amounts  of  neon  or 
oxygen,  or  by  appropriate  progreuimlng  of  the  hydrogen 
influx.  These  experiments  identlflying  tungsten  as  a 
malefactor,  and  further  experiments  with  tungsten 
limiters  replaced  by  low  Z  limiters  of  stainless  steel 
and  carbon  (which  yielded  much  more  favorable  plasma 
iMhavior),  led  to  the  policy  at  PPPL  [58]  and  ORNL  of 
excluding  high  Z  materlala  from  the  interior  of 
tokamaks. 

erasing  incident  apactrometers  are  routinely  used 
to  monitor  the  OVII  and  OVIII  radiation  at  21. 6A  and 
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18«96A,  respectively*  An  Interesting  rapid  increase  in 
intensity  of  the  OVIII  102A  line  frcn  ORNAK  coincident 
with  neutral  beam  injection  has  been  interpreted  to  be 
the  result  of  charge  transfer  from  hydrogen  (vhoM 
density  is  increased  significantly  by  the  beams)  to 
ions  in  excited  states  163) .  Anomalously  hi^ 
(relative  to  excitation  by  electrons)  intensities  of 
the  115.8-A  line  of  0^  and  the  81.9-A  line  of  O®*  in 
ISX-A  have  been  attributed  to  excitation  via  charm 
transfer  frcn  hydrogen  atone  into  excited  states  of  o" 
[791, 

E.  OTHER  X-RAY  DIAGNOSTICS 

The  filter-detector  schene  has  long  been  used  for 
measurements  of  x  rays  from  plasmas  [3,7]  .  A  major 
defect  of  this  method  for  temperature  measurement  is 
the  uncertainty  of  interpretation  and  interference  from 
impurity  radiation. 

The  gas  proportional  counter  has  also  been  used 
for  tokanak  x-ray  spectroscopy  [142],  The  energy 
resolution  is  poor  making  it  difficult  to  separate  Ks 
peaks  frcn  Fe,  Cr,  and  Ni.  The  gas  scintillation 

proportional  counter,  however,  (GSPC)  [t43]  has  better 

resolution,  although  not  as  good  as  the  SKDi),  and 

high  rate  capability.  Because  of  its  radiation-damage 
resistance,  it  may  be  good  for  reactor-plasma  T^ 

measurement  were  good  energy  resolution  is  not  so 
critical.  Photoelectron  spectroscopy  has  been  used  to 
deduce  the  carbon  content  in  the  center  of  the  T-4 
tokamak  [67]  fallowing  electron  capture  by  CVII  from 
hydrogen.  This  technique  may  have  further  application. 

VI.  FUTURE  DEVELOPMENTS 

The  controlled  fusion  research  program  has  always 
suffered  from  insufficient  information  on  plasma 
behavior.  Designing  instrumentation  to  provide  ideal 
unambigous  data  has  always  been  an  elusive  goal.  Often 
two  or  more  schemes  are  developed  to  measure  one  plasma 
property,  and  neither  method  is  fully  adequate,  e.g., 
Te,  n^,  I^Cr).  In  addition  the  research  effort  has 
often  suffered  from  a  shortage  of  money,  manpower, 
time,  and  particularly  physicists  and  engineers  with 
the  appropriate  expertise  to  develop  optimal 
diagnostics.  The  trend  at  PPPL  has  recently  been  more 
toward  either  hiring  specialists  in  particular  areas  of 
physics  relevant  to  the  development  of  needed 
diagnostics,  or  tapping  the  pool  of  expertise  external 
to  the  fusion  program  through  cooperative  development 
efforts,  subcontracts,  DOE  sponsored  contracts  to 
outside  laboratories,  etc.  Such  collaborative  efforts 
are  certainly  benefical  to  the  fusion  effort  and  are 
probably  beneficial,  for  various  reasons,  to  the 
external  parties  involved.  The  MFE  x-ray  diagnostics 
program  has  several  areas  where  improvements  in 
instrumentation  and  techniques  and  new  creative  ideas 
for  measurements  would  be  welcomed.  In  the  following 
paragraphs  I  will  discuss  some  improvements  in  x-ray 
instrumentation  that  are  desirable,  some  of  which  are 
currently  being  developed  for  TFTR. 

In  former  times  when  tokamaks  were  smaller  and 
diagnostics  budgets  were  leaner  than  today,  many 
experiments  required  shot-to-shot  adjustment  of  spatial 
view  or  time  windows  to  get  adequate  spatial  or 
temporal  information,  or  accumulation  of  data  over 
several  shots  to  get  usable  statistics.  In  view  of  the 
magnitude,  cost.  Importance,  and  more  urgent  nature  of 
future  fusion  experiments  such  as  TFTR  and  MFTF-B,  such 
arduous,  time  consuming  approaches  are  no  longer 
practical.  This  is  especially  true  for  operation  of 
full  tritium  plasmas  in  TFTR  (the  crucial  experiments), 
since  the  maxlmmi  number  of  such  discharges  is  4000, 
being  limited  by  the  allowable  tritium  inventory  on 
site  and  neutron  activation.  Thus,  the  hope  for  TFTR 
x-ray  diagnostics,  and  others,  is  to  have  several 
spatial  channels  and  to  Improve  throughput  in  each 
channel  so  that  statistically  significant  data  can  be 
recorded  during  each  shot  with  suitable  spatial  and 


temporal  resolution. 

Much  of  the  development  required  for  TFTR  x-ray 
diagnostlce  is  associated  with  the  increased  radiation 
levels,  as  compared  to  present-day  tx>kamak*,  expected 
during  neutral  beam  injection  (NBI)  heating.  For  45  M( 
(beam  power)  DD  plasmas  a  2.S-MeV  neutron  flux  density 
of  10 '  nsutrons/cm  vsec  is  expected  near  t)>e  tokamak, 
for  a  1  second  pulse.  For  DT  plasmas  a  flux  density  of 
6  X  10*  14-HeV  neutrons/cm^/sec  is  predicted.  These 
neutron  intensities  can  quickly  damage  solid  state 
detectors.  The  neutrons  and  concomitant  secondary 
gamma  rays  from  the  tokamak  structure  and  concrete 
walls  can  generate  background  noise  levels  in  detectors 
which  completely  mask  t)ie  x-ray  signals.  Thus  all  x- 
ray  diagnostics  are  being  redesigned  to  Include 
extensive  neutron  and  ganau-ray  shielding  and 
collimation  to  maximize  the  signal  to  noise  ratio.  For 
Che  XIS,  fast  grldded  ionization  chandlers  are  lielng 
developed,  because  of  their  resistance  to  radiation 
damage,  to  replace  the  easily  damaged  silicon  surface 
)>arrler  detectors. 

The  TFTR  PHA  will  view  more  (8-12)  radial  chords 
than  previously  for  PLT  (1-chord)  and  PDX  (S-chords). 
To  accommodate  the  larger  range  of  T^  and,  thus, 
intensity  and  improve  time  resolution,  a  combination  of 
more  detectors  per  c)iannel  (6  vs  3  or  4)  and  faster 
electronics  is  being  implemented.  One  germanium 
detector  per  c)>annel  will  be  added  since  higher  energy 
X  rays  will  l>e  produced  by  the  higher  temperature 
plasmas.  Since  overall  reliability  decreases  as  t>>e 
number  of  detectors  Increases,  and  a  vacutn  failure  is 
potentially  more  serious,  detector  passivation 
techniques  will  be  developed  to  improve  the  probability 
for  detector  survival  under  adverse  conditions. 
Fourteen-HeV  neutrons  can  generate  large  pulses  (iq>  to 
11  HeV)  in  Si (Li)  detectors.  Special  precautions  must 
be  taken  in  the  design  of  electronics  to  prevent 
saturation  or  overloading  by  these  pulses.  The  amount 
of  remote  control,  monitoring,  and  testing  is  Ijelng 
increased  due  to  the  higher  degree  of  complexity  and 
sophistication  and  the  reduced  accessibility  of  the 
diagnostics.  Tokamak  diagnostics  have  always  )iad  to  be 
more  reliable  and  automatic  than  laboratory  instruments 
because  of  remote  operation  and  limited 
accessibility.  This  will  be  even  more  true  for  TFTR. 

Some  further  improvements  planned  for  the  TFTR  XIS 
are  more  detectors,  an  infrared-emitting  diode  for 
system  testing  and  comparison  of  detector  responses,  a 
remotely  movable  standard  detector  for  calibration  of 
fixed  detectors  during  operation,  division  of  the 
amplifier  into  two  modules  with  the  first 
(preamplifier)  directly  on  the  detector  feedthrough  to 
reduce  electrical  pickup  and  minimize  input 
capacitance,  and  a  wider  range  of  gains  in  the 
electronics.  Because  of  the  tremendous  data- generating 
capacity  of  the  XIS  when  digitization  rates  up  to  500 
kHz  are  used  (240  detectors  x  5  x  10^ 
words/detector /sec) ,  mass-storage  techniques  have  been 
investigated.  A  scheme  using  FM  multiplexing  was 
devised  to  store  data  from  up  to  320  detectors  at  500 
kHz  iMindwidth  on  a  42-track  high  speed  analog  tape 
recorder.  Dp  to  100  shots  per  reel  could  be  stored  for 
later  playback  and  digitization. 

Developments  for  the  TFTR  XCS  include  improving 
time  resolution  by  means  of  higher  x-ray  fluxes  at  the 
detector.  This  will  be  achieved  lay  (1)  using  lower  Z 
seed  impurities,  such  as  argon,  which  radiate  higher 
photon  fluxes  and  produce  usable  signals  at  lower  T^ 
(This  enables  us  also  to  make  measurements  further  from 
the  plasma  center  where  T^  is  lower.);  (2)  increasing 
the  crystal  and  detector  size;  and  (3)  choosing 
crystals  with  higher  reflectivity.  To  accommodate 
higher  x-ray  Intensity,  faster  detectors  and 
electronics  are  being  developed.  The  larger  dynamic 
range  provided  by  these  Improvements  will  be  Important 
for  TFTR  since  the  temperature  excursion  during  a 
discharge  (and,  thus,  the  range  of  x-ray  flux)  will  be 
large  due  to  intensive  neutral  beam,  rf,  and 
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Grating  nonochrooiatora  are  being  converted  to 
polychroaatore  by  uee  of  multi-elenent  detectors  such 
as  the  intensified  Rsticon  photodiode  array  [145). 

There  is  need  for  further  iaprovenent  of  x-ray 
diagnostics  both  for  near  future  escperiaents  such  as 
TFTR  and  for  future  reactors*  The  need  for  higher 
count  rates  has  been  mentioned*  Shielding  and 
collimation  will  just  prevent  daisage  to  the  PHA  Sl(Li) 
detectors  over  the  life  of  TFTR  (-  10  ’  neutrons/ 
cm^)*  Reactors/  however/  will  have  much  higher  duty 
cycles*  Thus  the  detectors  will  have  to  either 
withstand  neutron  fluences  two  orders  of  magnitude 
higher  than  present  Si (Li)  detectors  can/  or  be  exposed 
to  the  reactor  only  for  brief  periods  to  make  a 
measurements  A  possible  replacement  detector  is  the 
gas  scintillation  proportional  counter  [ 143] • 
Iiqprovement  of  reflectivity  and  resolution  of 
multilayer  synthetic  crystals  would  make  them 
attractive  for  extension  of  the  rotating  crystal 
spectrometer  to  longer  wavelength*  The  present  design 
of  the  TFTR  x-ray  imaging  array  (XIS)  makes  it  suitable 
for  operation  with  00  plasmas  only*  Use  of  the 
ionization  chamber  only  hardens  the  system  for  DT 
survivali  in  DT  operatl<x\  background  noise  levels  from 
radiation  will  render  the  system  inoperable*  For  a  DT- 
operational  XIS  further  development  must  be  done*  The 
detectors  must  be  moved  further  from  the  plasma  and 
more  extensively  shielded*  In  addition  reflective  x- 
ray  optics  /  such  as  grazing  incident  mirrors  or  Bragg 
crystals  will  probably  have  to  be  used  to  permit 
r^Boval  of  the  detector  fr^  direct  view  of  the 
neutron-emitting  plasma.  One  candidate  for  an  improved 
detector  for  both  the  XIS  (radiation  resistance)  and 
the  XCS  (hl^  count  rate/  good  position  resolution)  is 
the  microchannel  plate  preceded  by  a  high  efficiency  x- 
ray  photocathode*  Solid  photocathodes  are  not 
suitable.  Porus  photocathodes  of  Csl  have  demonstrated 
hi^  efficiency  (144]*  Further  work  must  be  done/ 
however/  to  answer  questions  about  their  reliability/ 
construction/  degradation  with  use/  efficiency/  etc* 

VII*  SUMMARY 

The  Tokamak  is  a  major  contender  for  demonstration 
of  controlled  fusion  as  an  eventual  power  source*  X- 
ray  diagnostics  are  an  important  part  of  the 
experimental  effort*  These  instruments  permit 
measurement  of  plasma  conditions  from  various  aspects 
of  the  continuum  and  line  radiation  due  largely  to 
impurities  in  the  plasma*  Soft  x-ray  diagnostics  range 
from  (a)  instruments  with  moderate  energy  and  time 
resolution/  which  provide  an  overview  of  the  soft  x-ray 
emission  and  a  measure  of  electron  temperature  and 
impurity  concentration/  to  (b)  those  with  very  good 
energy  resolution  and  moderate  time  resolution/  which 
measxire  ion  temperature/  impurity  charge-state 
distributions/  low  energy  impurity  radiative  power  and 
other  parameters/  from  details  of  impurity  spectral 
line  profiles/  to  (c)  instruments  which  view  many 
spatial  chords  simultaneously  with  very  fast  tin« 
response  but  crude  ^>ectral  resolution  to  monitor  low 
energy  impurity  radiation  and  fast  fluctuations  in  x- 
ray  emission  due  to  MHD  instabilities* 

Development  required  for  near  future  tritium¬ 
burning  tokamaks  includes  shielding  and  collimation  of 
neutrons  emd  gamma  rays/  development  of  radiation-hard 
detector  substitutes  in  some  cases /  and  improvement  of 
instrumental  throughput.  Problem  areas  are  limited 
count  rate  for  detectors  and  electronics/  high  response 
to  background  radiation/  low  crystal  reflectivity/  and 
broad  crystal  rocking  curves  in  the  low  energy  x-ray 
region*  For  reactors/  radiation  damage  susceptibility 
will  preclude  use  of  all  solid  state  detectors  for 
direct  view  of  the  plasma;  substitute  measurement 
schemes  mimt  be  developed* 
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ABSTRACT 


The  li^it  ion  fusion  program  is  expected  to  adiieve  breakeven  oonlitians  in  an  inertied.  fusion 
target  in  experiment  on  the  PBFA  II  accelerator.  This  goal  is  eig^ected  to  require  ion  power  densi¬ 
ties  of  4-  10"  W/oir.  The  diagnostics  v#iich  have  been  en^loyed  to  diagnose  this  deposition  eure 
described  cux3  some  soft  x-r^  plasma  measurements  which  have  been  made  on  targets  on  the  200  times 
smaller  Proto  I  accelerator  are  presented.  Plasma  bri^tness  tenperatures  of  20  eV  have  been 
observed  in  the  deposition  region  eind  35  ^  (100  eV  electron  teitperature)  in  the  stagnation  region 
of  inploding  conical  A1  targets  on  Proto  I. 


INTRODUCTION 

Sandia  National  Laboratories  is  developing  tech¬ 
niques  to  use  the  energy  and  power  from  pulsed  power 
accelerators  to  ignite  DT  filled  inertial  fusion  cap¬ 
sules.  This  program,  which  had  its  beginning  in  the 
early  1970' a,  has  made  significeint  progress  in  develop¬ 
ing  techniques  for  delivering  the  output  of  these  inex¬ 
pensive  and  efficient  accelerators  to  a  target.  The 
achievement  of  breakeven  conditions  in  a  target  is 
generally  thcxight  to  recjuire  power  densities  ~  10"  W/ 
on^.  Ccxisecjuently  a  oonpr^ensive  array  of  soft  x-ray 
diagnostics  is  required  to  diagnose  the  plasnas  pro¬ 
duced  by  the  deposition  in  the  target. 

In  this  paper  the  technicjues  for  generating  and 
delivering  this  power  to  a  target  will  be  discussed 
with  the  specific  exanpl^  of  the  recently  coipleted 
1  MI,  PBFA  I  accelerator^  and  the  c^lied-B  radial  ion 
diode. ^  The  varicxis  diagncstic  censtraints  emscci- 
ated  wdth  the  pulsed  pcwer  environment  will  be  pre¬ 
sented.  Finally,  a  review  erf  the  x-ray  measurements 
and  diagncetice  which  have  been  used  to  characterize 
target  plasmas  cm  the  smaller  20  kJ,  Proto  1  acceler¬ 
ator  will  be  given  wdth  acme  indications  of  future 
area  of  interest. 


PBFA  I 

The  PBFA  I  accelerator^  (1  MI,  30  TW,  35  ns)  vras 
fired  for  the  first  time  cxi  June  28,  1980.  Since  that 
time  it  has  been  undergoing  various  tests  to  prepare 
for  icxi  dicjde  experiments  which  were  initiated  in  May, 
1981.  The  accelerator  (Fig.  1)  is  cylindrical  in  sh^e 
with  a  diameter  of  ~  30  m  and  a  height  of  ~  5  m.  The 
accelerator  is  modular  in  design  wdth  36  small  accel¬ 
erators  arranged  arexmd  the  cylinder  wdth  theli 
outputs  directed  radially  Irward  toward  the  target  or 
diode  chamber.  Each  accelerator  module  consists  of 
an  outer  oil  secticxi  where  the  high  voltage  is  gener¬ 
ated,  an  intermediate  voter  seerfien  where  the  pulse  is 
cxnpressed  to  ~  40  ns  duration,  and  an  inner  por¬ 
tico  containing  magnetically  insulated  tranonissicu 
lines  (cjperating  at  stresses  over  2  MV/  can)  which 
tr2insport  the  pulses  from  the  individual  modules  to 
the  target  chantier.  This  modular  approach  reejuires 


Figure  1.  PB{A  I  Accelerator. 


reliable,  lew- jitter  swdtching  for  synchronian  of 
the  cutputs  at  the  diode;  typical  c?>eration  indicated 
an  RMS  w«ariatich  erf  ~  3  ns  can  be  obtained  cxi  PBFA 
I.  Through  a  minor  modification  of  the  initial 
design,  it  is  possible  to  laperate  the  acoeleratcar  with 
wdth  either  pcaitive  or  negatiwee  polarity  output  at 
the  full  rated  pewer.  The  hi^  cautput  pewer  of  each 
nodule  is  achieved  thrcxigh  a  series  of  pewer  anplifi- 
cation  stages  which  are  shown  schenatically  in  Fig.  2. 
Through  the  wcarlccis  stages,  the  pewer  is  increased  by 
a  faerfor  of  6  wdth  an  energy  efficiency  of  25%.  More 
importantly,  the  energy  density  gora  frem  0.075  TW/rar 
at  the  marx  generators  to  500  TW/ra^  in  the  dicxle 
region.  In  the  diode  regicn,  each  of  the  36  modules 
nay  be  cxupled  to  individual  dicxJes  for  converting 
the  electrical  energy  to  ion  beams  which  can  then  be 
fexused  onto  a  target.  In  additicxi,  tests  cxwJucrfed 
on  the  acoelerator  during  the  early  part  of  1981  indi¬ 
cate  that  the  cutouts  of  the  indiwddual  modules  either 
can  be  exxineerfed  in  parallel  to  drive  a  single  2  MV, 

30  TO  dicxle  or  that  alternate  pcjsitive  and  negatiw;e 
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the  power  anplificaticxi  and  intensiflcaticxi  in  pulsed  accelerators. 
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nodules  onuld  be  connected  in  series  to  drive  a  4  MV, 

30  IW  diode  to  take  cidvantage  of  favorable  voltage 
scaling  predicted  for  ion  focusing. 

APPLIED-B  ION  Diode 

Several  tecbniques  can  be  used  to  deliver  the  elec¬ 
trical  energy  fron  a  pulsed  accelerator  to  an  inertial 
fusion  target.  In  this  section  we  shall  consider  one 
such  device,  the  applied-B  radial  ion  diode.  ^  Althou^ 
in  conventional  diodes,  the  majority  of  the  current  is 
carried  by  electrons,  the  ^pplied-B  diode,  shown  in 
Fig.  3,  uses  an  externally  applied  magnetic  field  to 


Fig.  3.  Schenatic  of  applied-B  radial  ion  diode.  The 
diode  is  cylindrically  synmetric  curound  center 
line  on  the  right  of  the  figure. 

restrict  the  flow  of  electrons  so ‘that  moat  of  the 
diode  current  is  available  for  the  ion  beam.  Success¬ 
ful  diode  operation  requires  the  foUodng  sequence  of 
events.  The  magnetic  field  coils  are  pulsed  from  an 
external  c^citor  bank.  A  positive  pulse  is  applied 
to  the  anode  when  the  magnetic  field  reaches  peak. 
Electrons  are  enitted  fron  the  cathode,  but,  because 
of  the  strong  field,  are  forced  to  ExB  drift  around 
the  circunference  of  the  diode  forming  a  space  charge 
cloud  and  virtual  cathode  opposite  the  anode.  The 
positive  pulse  on  the  anode  also  causes  a  plasma  to 
form  on  the  anode  both  due  to  induced  voltages  devel¬ 
oped  across  dielectric  material  inbedded  in  the  anode 
and  due  to  seme  electron  leakage  early  in  the  pulse. 
Althou^  the  electron  leakage  represents  almost  100% 
of  the  diode  current  early  in  the  pulse  it  quickly 
falls  to  almost  zero  such  that  overall  ion  extraction 
efficiencies  of  >  80%  €u:e  typically  observed.  The 
ions  emitted  from  the  anode  plasma  are  focused  to  the 
target  region  both  by  the  gecmetrical  shape  chosei  for 
the  iVKsde  as  well  aa  by  the  self  field  pinch  forces 
produced  by  the  icjn  flow.  Althou^  the  anode  scxirce 
plasma  is  cxxipoeed  of  hydroc:arbcxis,  over  80%  of  the 
extracted  ion  current  is  carried  in  prcjtons. 

A  ntntoer  of  icxi  fcxxising  eiqieriraents  have  been 
fielded  with  this  diode  an  the  Proto  I  acxalerator 
(2  20  ns,  1  TW).  The  dlagnostica  for  these  have 

included  nuclesu:  aertivation,  prompt- 7,  hard  and  soft 
x-ray  measuroments  and  mass  exxaleration  msasursmaits 
using  both  ablative  and  eiplcxling  pusher-type  target 
geometries.  The  experimental  results  indicate  pe^ 
intensities  of  1-3  TW/cair  on  3  mm  diameter  taueg^ 
with  the  average  intensities  aomeshat  lower  due  to 
beam  non-uniformities.  The  main  limitations  to  the 
fexhsed  intensities  are  believed  due  to  non-uniformi¬ 


ties  in  the  anode  plasma  and  to  variaticxis  in  the  cur¬ 
rent  and  voltage  during  the  pulse  vhich  change  the 
magnetic  cxuponent  of  the  ion  focus.  If  the  focus  is 
indeed  limited  by  these  mechanisms,  then  analytic  c»l- 
culatiois  indicate  that  the  total  intensity  should 
inprove  as  the  sc]uare  of  the  voltage  (V^)  for  noo^ 
unifom  ctncxle  plasma  limiting  the  fexus  and  as 
(m/Z)^'^  if  magnetic  bending  is  the  fexusing  limita- 
(chere  m  and  Z  are  the  icxi  mass  and  charge,  respect¬ 
ively).  Particle-in-celi  simulaticxis  are  exxisistent 
with  these  scalings.  Thus  by  going  to  higher  volt¬ 
ages  etnd  sli^tly  heavier  ions  to  maintain  the  epti- 
nun  range,  intensities  adequate  for  inertial  fusicxi 
will  be  obtained.  Initial  tests  of  this  scaling  will 
be  cxxiduchied  using  the  2  MV  emd  4  MV  cpticxis  cxi  PBFA  I 
over  the  next  two  years.  In  the  remainder  of  the 
paper,  the  soft  x-ray  diagnc»tics,  vhich  have  been 
used  to  diagnose  the  Proto  I  icxi  fexus,  will  be  des¬ 
cribed  and  results  presented. 

SOFT  X-RAy  DIA2J0STICS 

Several  soft  x-ray  diagnostic  techniegues  were 
applied  to  cylindrical  and  conical  targets  Icxated 
at  the  center  of  the  applied-B  radial  icxi  dicxle. 
Evacuated  line-of-8i#it  pipes  Icxated  on  axis  and  at 
12°  to  the  axis  permitted  sisultanecus  time-resolved 
meeisurements  of  both  the  spatial  and  spechural  emis¬ 
sion  fron  diagnostic  targets.  Time-integrated  ejuan- 
tities  with  higher  resoluticxi  were  also  determined. 

In  this  secticxi  each  of  the  varicxis  measuranents  will 
be  described  with  the  ijiplicaticxi  they  have  cxi  the 
determinaticxi  of  icxi  beam  parameters.  The  environ¬ 
ment  for  diagncatics  cxi  pulsed  acoelerators  is  parti¬ 
cularly  severe  cxi  the  larger  acoelerators  such  as 
PBFA.  Electron  losses  during  the  tum-cxi  phases  of 
the  nagnetically  insulated  transmissicxi  lines  and  icxi 
diode  cure  likely  to  represent  over  200  kilojoules  of 
electrcxis  and  will  generate  an  intense  Bremsstrahlung 
background  with  an  end  point  energy  of  2  or  4  MeV 
depending  cxi  the  diode  cxxifiquraticxi.  Elecrtric 
fields  near  the  acoelerator  are  well  in  excess  of 
100  kV/m  requiring  care  in  the  acxguisition  of  ^ec- 
trical  signals.  The  relatively  low  vacuun  (10"^  torr) 
m^es  detector  surface  ccxitaminaticxi  a  real  ccxioem. 
The  debris  i>hich  results  vAien  several  hundred  kilo- 
jcules  of  energy  is  dqxieited  in  a  target  can  cause 
ccxisiderable  damage  to  spectrograph  slits,  filters, 
attenuating  screens,  etc.  Althou^  sli^tly  less 
severe,  these  same  exxistraints  apply  to  the  20  kJ 
Proto  I  accelerator. 

INNER-SHELL  EXCITATION  DIASMOSTICS 

The  Kg-line  endssicxi  due  to  beam  induced  atonic 
excitaticxi  in  cxxiical  aliminum  targets  was  used  to 
determine  the  beam  profile  in  the  axial  and  azimuthal 
directicxis.  Spatial  data  were  obtedned  with  x-ray 
pinhole  cameras  mounted  cxi  and  at  12*  to  the  diode 
axis.  The  onissicxi  was  also  observed  with  20  im 
thiede  PIN  diodes  vhich  integrated  over  the  qpatial 
dimensicxis  of  the  target.  Sinc:e  the  x-ray  production 
cross  secrticxi  increases  vdth  proton  eiergy  below 
3  MeV,  it  is  necessary  to  exmpute  the  theoretical 
atcxnic  excitation  emission  for  the  target  geometry 
and  detecticxi  angle  used  to  allcM  for  pulse  to  pulse 
comparison  of  the  experimental  data.  The  data  acqui¬ 
sition  computer  provided  on-line  calculations  of  the 
expected  emission  using  published  x-ray  production 
cross  sections^  and  the  measured  proton  energy  and 
current.  (Electron  loss  is  measured  with  absolutely 
calibrated,  hard  x-ray  (hP  >  80  kev)  PIN  detectors 
and  is  subtracted  from  the  total  diode  current  to 
obtain  the  net  ion  current.)  Typical  targets  used 
for  these  measurements  wore  hollow  truncated  A1 
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ccnes;  with  8  /im  wall  thidcness  and  half  angles  of  30*, 
15*,  or  3.5*.  The  calculations  indicated  that  the  3.5* 
configuration  yielded  reduced  onission  and  significant 
self-absorption  of  the  1.49  keV  dvaracteristic  ptvotons 
in  the  target. 

The  symnetry  and  stability  of  the  ion  focus  was 
measured  with  a  tine-resolved  x-ray  pinhole  camera 
system  (Fig.  4) .  In  this  camera  x-r^  retdiation  from 
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Figure  4.  Five  frame  proximity  focused  soft  x-ray 
pinhole  camera. 


the  inside  surface  of  the  cxmical  targets  is  focused 
on  five  individual  microchannel  plates  (MCPs)  via  five 
pinholes.  Each  MCP  is  sequentially  and  independently 
gated  with  8  ns  FWM,  1  kV  voltage,  pulses .  The  cutput 
of  the  MCPs  is  proximity  focused  onto  a  P-11  phosphor 
Eund  a  visible  image  is  conducted  to  the  film  (Pola¬ 
roid  or  Royal  X-Pan)  by  a  fiber  optics  vacuum  inter¬ 
face.  Thus  five  individual  frames  are  obtained.  The 
actual  e)?x38ure  time  has  yet  to  be  determined  experi¬ 
mentally  but  is  estimated  to  be  ~  3  ns  when  the  volt¬ 
age  pulse  is  folded  with  the  MCP  gain  characteristics. 

For  the  exaiqple  shown  in  Fig.  5,  clear  images  were 
(ibeerved  cxi  four  of  the  five  frames.  This  eiqjloding 
pusher  tearget  had  a  diameter  at  the  mic^lane  of  the 
diode  of  7  1/2  nm  and  a  half  angle  of  30°.  The  gains 
for  each  MCP  were  not  well  characterized  and  therefore 
(Xily  qualitative  information  can  be  derived  from  the 
eiqxisures.  For  these  measurements  the  imaging  optics 
consisted  of  a  0.75  mti  pinhole  with  1:1  iragnification. 
The  photogra[hs  cibtained  indicate  a  focus  with  2.8  mm 
FV*W  in  the  axial  direct icjn.  This  diagrvaetic  confirmed 
that  the  +  25%  azimuthal  variation  of  the  beam  profile 
crbserved  with  the  time  integrated  x-ray  pinhole  cameras 
was  constant  thrcwghcxit  the  ion  pulse. 

The  on  axis  time  integrated  atomic  excitation  pin¬ 
hole  camera  photograph  from  an  8  mn  diameter,  15*  half 


angle  aluminum  cxme  target  with  8  ^m  thidcness  is 
shewn  in  Fig.  6.  The  annulcu:  ring  is  the  inner  shell 
excitation  image,  'niis  surrounds  a  bri^t  spot  at  the 
center  of  the  tarrget  Whicih  represents  theznal  emission 
fron  hi^  tenperature  foil  material  stagnating  cxi 
axis.  The  film  ejqxsure  due  to  inner  shell  excitation 
can  be  used  to  estimate  the  magnitude  of  the  proton 
current  incident  upxxi  the  target.  Ihis  expcjsure  was 
oemverted  to  the  nunber  of  ghobona  emitted  frem  the 
target,  via  the  sensitivity"  of  the  Kcxlak  no  screen 
film  used,  eind  then  cxxipared  with  calculatlcxis.  The 
cenparison  indicates  a  pe*  current  of  290  kA  for  this 
pulse.  This  is  in  good  agreement  with  the  value 
c*tainod  for  similar  size  tEugets  using  the  parcinpt- 
nuclear  techniegue.  The  peak  proton  currents  calcu¬ 
lated  in  a  similar  manner  for  cxnical  targets  frem  3 
to  17  inn  diameter  ranged  frem  100  to  400  ibi,  re^>ec' 
tively,  with  a  reproducibility  of  +  30%.  The  sene 
currents  were  observed  for  targets  with  3.5  euxl  15° 
half  angles  and  with  camereis  mounted  at  12°  off  axis. 
The  time  resoved  PIN  diodes  gave  similar  results  with 
the  signEd.s  prcportiancd.  to  target  diameter  for  tar¬ 
gets  smaller  than  5  iim,  and  gradually  inenreasing  until 
they  were  a  factor  of  1.7  larger  for  15  nm  targets. 

The  Eucial  FVMM  for  a  given  pnroben  pulse  was  esti¬ 
mated  fron  densitometer  scans  of  the  pinhole  photo¬ 
graphs  after  an  Eipiproximately  10%  cxjrrecAicjn  was  made 
for  pinhole  broadening  of  the  image.  In  additicxi,  an 
attenpt  weis  made  to  oorreert  for  secxxid  pass  image 
effeerte  produced  by  protons  passing  coipletely  through 
the  target.  This  effect  WEts  judged  to  broaden  the 
observed  FWIM  by  10%  Ed.so.  The  typical  miniirun  fVIM 
of  a  given  proton  pulse,  after  oorreertiens,  was  3.5 
nm,  with  +  1.5,  -  0.5  nm  deviatiesns  as  a  function  of 
the  azinuthal  position  on  the  target.  The  FViHM  was 
rather  exustant  for  targets  ranging  from  3  to  17  nm 
diameter  with  a  slight  tendency  for  smaller  values 
with  l^er  targets.  Since  the  target  foil  exparals 
approximately  1  nm  due  to  hydrodynamics  during  the 
pulse  and  the  fexus  pxuition  nay  move  slightly  with 
time,  3.5  nm  is  an  upjpier  limit  cu  the  beam  PWH4. 

THEFMAL  RAOIATION  DIACaOSTICS 

Thermal  emission  frem  icu  beam  tEugets  has  pro¬ 
vided  valuable  information  on  the  ion  bean  scur^ 
parEuneters.  Aluminum  photcuathode  x-ray  diodes^ 

(XRDs),  PINs,  Eund  grazing  incidence  spaectrographs  have 
seen  extensive  use  in  determining  the  plasm  para¬ 
meters  in  the  ion  fexal  regicn.  Toiperature  inform¬ 
ation  frem  XRDs  vas  c^tained  by  cxxifaring  the  observed 
signals  with  the  calculated  XRD  respxxise  for  VEurioiis 
blaCkbcx^  tenperatures  assixning  the  beam  focus  Eurea 
obtained  in  the  atomic  excitaticu  pinhole  photographs. 
Tecduiiiques  are  eU.3o  being  developed  to  measure  the 
total  radiated  energy  fron  ion  beam  targets. 

Typical  XRD  signals  from  3,  5,  and  9  nm  diEineter, 

8  ftm  thick  aluminim  cones  with  3.5°  half  angle  are 
shewn  in  Fig.  7.  The  signsHs  were  chtained  with  Edcmi- 
nun  cathode  XRDs,  eperated  bcure  Eind  with  a  2  ftm  thick 
polycEurbonate  filter,  and  rqrresent  thermal  emission 
at  10  to  25  ^  and  150  to  280  respuckively.  With 
the  toEO  larger  targets  an  initial  radiation  peak  is 
seen  at  40  ns.  This  first  signed  currespends  to 
thermal  radiaticu  frem  the  inner  surface  of  the  foil 
vhich  reaches  its  maxinum  tenperature  late  in  the  pxwer 
pulse  v4ien  the  Breigg  pie^  in  the  psroton  depxDelticu 
function  is  neeur  the  inner  surface.  This  exxurs  at  a 
pjToton  energy  of  apprcmcimately  700  keV  for  the  8  pirn 
thick  aluninum  used.  A  first  order  analysis  of  those 
XRD  signals  eis  well  as  0.8  ftm  A1  Euid  0.33  ftm  piarylene 
(C0Hg)  filtered  XRDs  indicates  blackbcxJy  radiation 
spectra  with  tenperatures  of  21,  18  and  15  eV  on  the 
inner  surface  of  the  targets.  These  spuckra  Eire 
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Figure  5.  Five  frame  pinhole  camera  record  of  ion 
deposition  in  a  conical  target.  Times 
indicated  are  relative  time  for  each 
exposure. 


Fig.  6.  Pinhole  photograph  ta)ten  of  an 
diameter  conical  target. 
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Figure  7.  XRD  aignals. 

reduced  a  factor  of  two  at  photon  energies  below 
20  eV  appeurently  due  to  absorption  of  radiation  ty 
cooler  plasm  outside  of  the  naxiinutn  focus. 

A  second  radiation  pulse  is  observed  5,  15,  and 
40  ns  later  for  the  3,  5,  and  9  nin  targets,  respect¬ 
ively.  ITus  emission  is  also  of  thermal  origin  but 
originates  frcm  the  stagnation  of  high  tenperature 
foil  material  at  the  center  of  the  target.  This  sig¬ 
nal  represents  an  optically  thin  plaana  with  peak 
emission  occurring  When  the  qptijiun  hi^  tenperature 
cuid  density  are  achieved.  Since  less  covergence  is 
necessary  to  assemble  a  high  density  plasma  with  a 
smaller  target,  the  mass  will  be  assenbled  faster  than 
r'^  for  a  constant  inplosion  velocity  as  the  target 
diameter  is  decreased.  This  explains  the  apparent 
inplosion  velocities  of  30,  17,  and  10  am/s  for  the  3, 

5,  and  9  mn  targets,  vAiicti  at  first  estimte  would 
inply  peak  proton  current  densities  scaling  as  r*^ 
rather  than  ^  r"^  as  determined  fron  other  Observations 
of  beam  on  target. 

Electron  and  ion  densities  and  electron  tenpera- 
tures  for  the  stsignation  region  of  the  8  ^m  thick 
aluminum  targets  have  been  deduced  fron  radiation 
measurements  above  400  eV  photon  energy.  The  detector 
system  consisted  of  thin  aluminum  filters  in  front  of 
the  20  fim  thidc  PIN  diode  detectors.  The  filter  thidc- 
nesses  were  3.2,  4,  8,  2uid  12  (tm.  By  virtue  of  the 
strong  K-edge  of  neutral  aluminun,  the  Lyman  series  of 
line  emission  associated  with  heliun-llke  and  hydrogen 
1  ikf?  aluminun  would  be  strongly  attenuated.  The  radia¬ 
tion  spectnm  above  400  eV  photon  energy  is  therefore 


assimed  to  be  ocnposed  primarily  of  free-bound  oonti- 
nuun  associated  with  free  electrons  reocnfcining  with 
aluminum  ions  in  their  ground  state.  The  ground  state 
ion  pcpulaticns  of  a  pure  aluninum  plasma  are  given  by 
the  coroncil  model  with  the  ionization  levels  depressed 
to  the  oolliscn  limit.  This  is  a  close  approximation 
to  the  correct  model,  the  collisional-radiative-sgui- 
librium  model  (CRE).”  For  the  source  volume  of 
1.1x10'^  otr  observed  for  3  ran  diameter  targets  writh 
piiihole  cameras,  a  peak  electron  tenperature  of  100  eV 
cuid  peak  i»  and  electron  densities  of  2.3x10^"  cm'^ 
aril  2.5xl0‘'^  an“^,  respectively,  have  been  achieved. 

The  time-integrated  radiation  spectrum  fron  the 
stagnation  region  of  a  3  ran  diameter,  8  (xm  thick 
aluminum  cone  was  measured  with  a  a  one  meter,  split 
grating  (600  and  1200  lines/ran)  grazing  incidence 
(88“)  spectrogreph  (resolving  powers  E/  E  =  1250  and 
2500  at  124  eV  jivoton  energy,  respectively) .  Figure  8 
shows  the  radiaton  spectrum  taken  on  the  same  pulse 


XI  t4M)  LINE/mm  GMTINS 

MB  134- Iw 

mbivni  mXim-1,1  cBW->*aM* 


fHOION  (M(8Ct  (EVi 


B.)  1200  LINE /tain  CRATING 


300  300  100  140  130  100  00  00  n  00 

PHOTON  ENERCV(*V) 


Fig.  8.  Radiation  spectra  fron  8  fxm  thick  cxxiical 
aluninum  targets. 

with  the  1200  and  2400  split  grating.  On  the  2400 
line/ran  grating  there  is  line  emission  frcm  H-like 
and  He-lite  carbon  cxxrtaminaUon,  in  addition  to  Li- 
like  (Al^®^)  and  Be-like  (Al^)  line  emission.  This 
carbon  emission  is  believed  to  emanate  fron  the  inside 


surface  of  the  target  and  is  likely  due  to  hydrocarbon 
contamination.  Using  a  coronal  model  ydth  the  ioniza¬ 
tion  potential  d^ressed  to  the  oollisio^  limit,  the 
intensity  ratio  of  the  2p-ls  cuid  ls2p-ls^  transitions 
in  H-like  and  He-like  carbon  are  consistent  with  an 
electron  tenperature  of  100  (N,  e^siming  opacity 
effects  eure  dominated  by  dcppler  broadening  emd  the 
ratio  of  ground  state  populations  of  H-like  to  He-like 
carbon  ions  is  3:1.  Table  I  lists  the  integrated 
intensities  of  the  line  emission  from  Li-like  alim- 
imm.  The  letters  (c)  throu^  (f)  are  those  used  by 


VfWEUNGTH 


52.299 

52.446 


INTECRATED  IWrOBITf  RELATIVE 

ON  Fim  (EHGS-A/on^)  IWTEMSm 


2s-3p  48.297 

(d)  48.338 


2p-4d  39.091 

(e)  39.180 


2p-3s  54.388 

(f) 


TABLE  I.  Li-like  A1  lines  between  39  A  and  55  A. 

Davis  and  Whitney.^  By  oonparing  our  intensities  with 
calculations  of  Davis  and  Mhitney,  we  see  line  (e) 
exceeds  line  (f)  a^  therefore  our  electron  density 
is  greater  thm  10^^  cm*^,  consistent  with  the  PIN 
results.  Also  shown  in  Fig.  8  is  a  comparison  of  the 
spectium  taken  with  the  1200  line/nm  grating  and  a 
30  eV  blackbody  spectrum.  The  conparison  between 
60  «V  and  100  eV  photon  energy  is  quite  good.  Above 
100  eV  photon  energy,  the  spectrum  has  a  temperature 
greater  than  a  30  blackbody.  Above  220  eV  photon 
energy,  the  spectrum  is  optically  thin  as  noted  by  the 
appearcuice  of  Be-like  aluminum  line  radiation.  This 
30  eV  blackbody  tenperture  cxnpares  c]uite  well  with 
the  35  +  10  ev  (i.e.,  uncertsunty  in  the  emitting 
scxirc:e  area  acxxunts  for  the  large  error  bars)  bright¬ 
ness  temperature  determined  from  the  XRD  signals  for 
the  stagnation  regicxt  at  the  center  of  the  target. 

Methods  to  medce  time  resolved  measurements  of 
the  total  radiated  energy  have  been  develcped  for  the 
magnetically  imploded  foil  prcjgram  at  San^a.  To 
cxjver  the  levels  of  x-ray  fluence  from  lO'"'  to  10’ 
J/arr,  two  principle  tecdmicjues  are  being  pursued, 
thin  fita  bolcmeters®  and  piezoelectric  pressure 
gauges.^  Both  techniques  prcjvide  ~  ns  time  resolticxi 
and  will  be  fielded  cxi  future  experiments  to  diagncee 
ion  beam  generated  plaonas. 

Thin  film  bolcmeters  (Fig.  9)  cxxnsist  of  a  nar¬ 
row  strip  of  metal  vhcxse  resistance  increases  almost 
linearly  with  eheorbed  x-ray  energy.  Determinaticxi 
of  the  cheinge  in  the  resistance  of  the  resistive 
elanent  provides  a  large  amplitude,  fast  response 
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radiated  energy  in  the  fluency  range  of  10  J/anr  to 
10^  J/cnr.  Bolometer  resistive  elements  cxxisisting  of 
~  1  fim  thick  films  of  Al,  Ni,  Ta  ev^orated  cxtto  a 
MAOOR  glass  cmrandc  substrate  have  been  tested.  Film 
material,  geonetry,  and  thickness  are  chcsen  to  opti¬ 
mize  the  deteckor  sensitivity  and  speckral  response  for 
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Figure  9.  Bolometer  module  vdth  magnets  for  foil 
pihotoelectron  suppressicn. 

a  given  experiment.  The  substrate  mounted  resistcunce 
elements  have  proven  more  rugged  euxl  reliable  than 
free-standing  foils,  vihile  no  significant  differencas 
in  thermal  response  between  the  two  have  been  observed 
at  least  for  the  fast  signals  (<  100  ns)  of  interest. 
The  tiime  response  of  0.75-1.0  /xm  thick  Al  film  bolo¬ 
meters  hea  been  studied  by  energy  depcsitioi  with  a 
ruby  lecser.  The  bolometers  were  able  to  acxsirately 
integrate  laser  pulses  of  30,  6,  aix3  3.5  ns  FVWI,  auid 
and  the  original  laser  pulse  rhapes  were  recovered  by 
differentiation  of  the  bolometer  signals  (Fig.  10) . 
Time-resolved  measurements  of  ultra-soft  x-ray  energy 
pulses  of  <  20  ns  have  been  performed  in  the  harsh  EMP 
noise  environment  of  the  Proto  II  accelerator  (300  kJ, 
30  ns,  10  TW)  using  a  differential  bolcmeter  circuit 
and  cxmicn  mode  noise  reducdlcsn  techniques. 

Work  is  also  underway  to  develcp  large  area  stand 
off  pressure  gauges  for  time  resolved  measuronent  of 
total  radiated  energy  at  hi^  fluence  levels.  These 
detecxtors  consist  of  thin  quartz  or  lithium  nicibate 
piezoelectric  treuisducers  vhich  measure  the  thermo- 
elastic  or  Elation  (depending  on  fluence)  pressure 
wave  generated  by  x-ray  energy  depceiticxi  in  a  thin 
metal  surface  absorber.  These  gauges  shwld  be  use^ 
at  lc3W  energy  x-ray  fluence  levels  of  10"  -  10’  J/air . 
Initial  tests  of  a  1  cxn  diameter  ciu2urtz  gauge  were 
performed  with  an  intense  x-ray  scxirce.  For  a  shot 
vhere  the  incident  power  level  at  the  gauge  was  belor 
the  threshold  for  absorber  dolaticxi,  the  cpxutz  gauge 
pulse  shape  was  in  excellent  agreement  with  the  shape 
of  the  bare  XRD  signads  (Fig.  11).  The  negative  pulse 
is  due  to  bremsstrahlung  v4iich  penetrated  the  12  /im 
thick  Au  absorber  on  the  face  of  the  piezo-eleckric 
gauge.  Additionad.  standoff  gaujge  tests  are  being 
cerried  cut  can  the  Prcato  II  accelerator  at  SNL 
and  work  is  in  progress  to  relate  the  ckserved 
pressure  to  the  incident  radiaticxn  flux  amd  spectnm 
thrcu^  lydrodynamic  calculations. 

SUEMAFV 

Icxi  dicade  eaqperiments  have  been  initiated  cxi 
the  1  HI,  PBFA  I  accelerator.  In  eiqperimmts  can  the 


Figure  10.  Bolcmeter  time  response. 
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Figure  11.  Conparison  of  bare  aluminum  XRD  signal 
with  a  quartz  gauge  signal. 

smaller  20  hJ,  Proto  I  accelertor  target  plaana 
terperatures  over  20  eV  have  been  measured  with  a 
variety  of  soft  x-ray  diagnostics.  At  toe  higher 
fluences  expected  on  PBFA  I,  saturation'-^  of  XK)  diag¬ 
nostics  can  easily  occur  if  present  techniques  are 
enplcyed.  The  use  of  x-ray  mirrors  eind  pinhole  imag¬ 
ing  are  presently  under  investigation  for  reducing 
the  flux  at  the  XRDs.  The  next  step  toward  fusion 


will  occur  with  the  coipletion  of  PBFA  II  in  1985. 

This  4  Ml,  100  TW  accelerator  should  produ^  hot 
plaanas  with  ion  intensities  approaching  lO"  W/cnr. 
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ABSTRACT 

A  compact,  efficient,  hiqh-briqhtness  pulsed 
plasma  X-ray  source  has  been  demonstrated.  The  source 
has  a  conversion  efficiency,  from  electrical  input  to 
usable  X-ray  energy,  of  greater  than  1%.  For  example, 
total  radiated  yields  of  150  joules  of  neon  K-line  ra¬ 
diation  have  been  produced  in  a  single  pulse.  X-rays 
are  emitted  from  a  cylindrical  volume  approximately 
1  mm  in  diameter  and  10  mm  long.  Various  wavelengths 
can  be  obtained  by  the  choice  of  appropriate  plasma 
materials.  This  X-ray  source  compares  favorably  to 
synchrotron  radiators  in  intensity,  and  most  users  of 
synchrotrons  will  find  this  source  attractive. 

For  example,*  using  X-rays  in  the  12  A  region, 
submicrometer  features  have  been  replicated  by  ex¬ 
posing  a  wafer,  coated  with  FBM  resist  (—  SOX  PMMA 
sensitivity),  through  a  polyimide/gold  X-ray  mask. 

The  exposure  was  made  through  a  1-mil-thick  beryllium 
filter  with  the  wafer  30  cm  from  the  source.  Twenty 
X-ray  pulses  were  recfuired  to  fully  expose  the  resist. 
For  this  experiment,  the  available  electrical  pulse 
power  supply  was  limited  to  one  pulse  every  tew 
minutes;  however,  the  X-ray  source  itself  is  capable 
of  much  faster  pulse  rates  and  electrical  driver  tech¬ 
nology  to  power  the  X-ray  source  at  one  or  more  pulses 
per  second  is  within  the  present  state  of  the  art. 
Other  applications  and  experiments  using  this  source 
are  discussed  and  a  comparison  with  synchrotron 
sources  is  made. 

DISCUSSION 

As  a  result  of  the  experiments  conducted  at  PI 
for  the  Defense  Nuclear  Agency  and  the  Air  Force 
Weapons  Laboratory,  we  have  developed  an  intense  pulse 
plasma  X-ray  source  that  is  very  efficient  in  convert¬ 
ing  capacitively  stored  electrical  energy  into  X-ray 
energy.  The  reason  this  source  is  so  efficient  is 
that  it  is  pulsed  in  a  very  short  period  of  time, 
creating  high  plasma  temperatures.  It  is  well  known, 
for  example,  that  blacKbody  plasmas  radiate  power  as 
T** ,  and  the  nonlinear  temperature  dependence  of  the 
radiation  creates  the  efficiency.  The  processes  that 
govern  radiation  from  plasmas  are  bremsstrahlung, 
free-bound,  or  bound-bound  radiation.  The  bound-bound 
and  free-bound  processes  have  the  largest  cross  sec¬ 
tions  for  creating  X-rays.  The  plasmas  «re  create 
predominantly  radiate  due  to  the  free-bound  and  bound- 
bound  processes.  Plasmas  are  created  with  electron 
densities  of  10^®-^  with  dimensions  of  1  mm  in 
diameter  and  7  mm  in  length  (see  Figure  !)•  These 
plasmas  presently  convert  electrical  energy  driven 
from  the  power  grid  Into  full  spectrxsn  X-ray  yield 
with  an  efficiency  of  about  7%.  Efficiencies  in 
excess  of  7%  are  certainly  possible  but  have  not  been 
accomplished  to  date. 


*The  X-ray  lithographs  were  made  in  collaboration  with 
Lincoln  Labs  (N.  P.  Economou  and  D.  C.  Flanders),  and 
were  sponsored  by  the  Department  of  the  Air  Force  and 
DARPA. 

*The  U.S.  Government  assumes  no  responsibility  for  the 
information  presented." 
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Fig.  1.  Pinhole  photograph  of  7  plasma 
x-ray  source  -  three  shot  overlay 


The  desirability  of  an  intense  pulsed  X-ray 
source  is  apparent  when  one  examines  existing  labora¬ 
tory  X-ray  source  technology.  Presently,  rotating 
anode  sources  are  the  most  powerful  X-ray  source 
available  in  the  laboratory.  They  have  conversions 
efficiencies  to  X-rays  in  the  1  keV  regime  on  the 
order  of  10  **.  The  sources  we  have  developed  at  PI 
have  conversion  efficiencies  of  10  Thus,  because 
the  plasma  sources  are  very  hot  they  are  approximately 
100  times  more  efficient  than  the  conventional  rotat¬ 
ing  anode  sources  in  this  regime.  Synchronization 
sources  are  also  very  efficient,  but  experimenters 
must  typically  go  to  a  large  facility  in  order  to 
conduct  experiments.  Synchrotrons  do  not  cpialify  as 
laboratory  sources  for  this  reason.  There  are  very 
few  synchrotron  facilities  available,  so  it  would  be 
desirable  to  have  a  source  that  had  the  efficiency, 
short  pulsed  duration,  and  wavelength  selectability  of 
the  synchrotron  for  use  in  smaller  laboratories. 

The  Physics  International  X-ray  Illuminator 
(PIXI)  class  pulser  can  be  used  for  a  variety  of 
applications  in  the  lab.  The  source  can  be  used  to 
facilitate  development  of  X-ray  diagnostics  and  to 
study  the  physics  of  atomic  X-ray  sources.  In 
addition,  the  source  can  be  used  to  heat  high-atomic- 
number  gases  for  spectroscopic  studies  of  these  mater¬ 
ials.  The  source  is  also  capable  of  flash  radiography 
when  the  sample  density  distance  product  on  the  order 
of  10  ^-10  ^  g/cm^  assuming  typical  mass  absorption 
coefficients.  The  PIXI  source  can  also  be  used  for 
flash  X-ray  microscopy  of  blood  cells  using  the 
technique  of  contact  printing  on  a  photo  sensitive 
resist.  In  addition,  the  source  could  be  used  to 
r>erform  organic  and  normal  crystal  diffraction 
studies,  presently  carried  out  using  conventional 
X-ray  sources.  The  new  fields  of  extended  X-ray 
absorption  and  fine  structure  (EXAFS)  and  surface 
extended  of  absorption  fine  structure  (SEXAFS)  will 
also  benefit  from  the  development  of  the^e  sources 
where  the  fundamental  relationships  of  atoms  to  their 
crystal  lattice  and  nearest  neighbors  can  be 
studied.  The  most  significant  impact  of  the  sources 
may  occur  in  the  field  of  X-ray  microlithography. 
Because  of  the  high  efficiencies,  it  is  possible  to 
envision  commercial  production  of  microlithographs 
with  half  micron  line  features.  This  accomplishment 
would  extend  the  state  of  the  art  of  computer  memory, 
density,  and  speed  by  a  factor  of  30  to  100  from  that 
most  recently  available  (HP  0.5  Mbyte  RAM). 

The  pulsed  power  driver  PI  has  used  to  date  has 
7.5  kJ  in  the  capacitor  bank.  This  driver  has  created 
150  joules  of  X-rays  in  neon-helium-  and  hydrogen-like 
lines  (~  12  A).  Figure  2  shows  a  spectrum  obtained  in 
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Fig.  2.  Neon  plasma  x~ray  source. 


the  vicinity  of  12  A  in  neon  plasma#  The  source  was 
2%  efficient  in  this  case.  Figure  3  is  the  spectrum 
of  a  krypton  plasma  X-ray  source  that  has  a  radiated 
yield  of  2S  joules  representing  0.33%  efficiency. 
Figure  4  shows  an  argon  plasnia  source  with  an  X-ray 
output  of  around  4  A.  These  spectra  were  taken  using 
KAP  crystal  spectrographs.  The  radiated  yields  for 
the  various  gases  were  determined  using  X-ray  diodes, 
calorimeters,  TLD  detectors,  and  PIN  detectors. 

The  temporal  history  of  the  X-ray  emission  is 
very  short.  X-ray  diode  measurements  of  the  source 
show  that  the  X-ray  pulse  is  roughly  a  15  to  20  ns 
full  width  at  half  maximum.  Figure  5  shows  a  neon 
X-ray  pulse  measured  using  an  X-ray  diode.  This  rapid 
pulse  can  be  used  to  stop  motion  in  many  systems  where 
other  X-ray  sources  %#ould  smear  the  data.  Thus, 
crystal  diffraction  studies,  studies  of  transport 
across  biological  membranes,  flash  radiography  of 
systems  moving  up  to  10^  cm/s#  and  other  rapid  phenom¬ 
ena  can  be  studied  by  using  this  X-ray  source. 

As  an  example  of  the  power  of  this  source,  micro¬ 
lithography  exposures  were  oiade  in  collaboration  with 
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Fig.  4.  Argon  plasma  x-ray  source. 


N.  P.  Bconomou  and  D.  C.  Flanders  of  Lincoln  Labora¬ 
tories  at  MIT.  These  experiments  prove  the  principle 
of  pulsed  plasma  X-ray  microlithography  for  semicon¬ 
ductor  applications. 

An  X-ray  mask  of  0.5  micron  lines  and  spaces  was 
placed  in  contact  with  a  FBM- coated  (fluorobutyl 
methacrylate)  silicon  wafer.  The  wafer  was  placed 
25  cm  from  the  source  with  a  1  mil  beryllium  filter 
between  the  source  and  the  assembly.  The  X-ray 
machine  was  pulsed  nine  times  using  neon  as  the  radia¬ 
tion  source.  Each  neon  pulse  contributed  80  joules  to 
the  total  exposure.  In  addition,  17  pulses  of  krypton 
(7  A)  radiation  were  used,  with  each  pulse  having 
8  joules  of  energy.  The  reason  for  the  mixture  of 
neon  and  krypton  radiation  was  strictl/  for  source 
development  reasons  and  not  for  wafer  exposure.  The 
total  X-ray  dose  on  the  wafer  was  56  nvJ/cm^.  The 
wafer  was  developed  for  2  minutes  in  150:1  IPA  MI6K 
developer  and  10  seconds  in  100:1  IPA  MIBK  developer. 

Figure  6  shows  a  scanning  electron  microscope 
view  of  the  results  of  this  exposure.  The  pattern 
shows  clear  0.5  micron  lines  and  space  with  0*10 
micron  edges  on  the  photoresist.  These  results  were 
conducted  in  lO"’*  torr  of  vacuum.  No  precautions  were 
taken  to  avoid  dust  or  other  airborne  surface  con¬ 
taminants.  Thus,  X-rays  produced  from  our  source  have 
exposed  photoresist  in  an  environment  that  is 
thousands  of  times  less  clean  than  those  experienced 
in  typical  semiconductor  assembly  lines.  In  addition, 
the  resolution  shown  in  this  photograph  demonstrates 
potential  for  X-ray  microscopy  of  very  small  objects. 


Fig.  3.  Krypton  plasaa  x-ray  source 


In  summary,  we  have  conducted  the  first  demon¬ 
stration  of  an  efficient  pulsed  plasma  X-ray  source 


Fig.  6.  Wafer  exposure  #2. 

for  the  use  in  the  laboratory  for  a  variety  of  appli- 
::atlons.  We  envision  a  future  source  that  will  use  a 
power  of  10  kw  with  a  minimum  X-ray  power  of  200  W  at 
12  A  assuming  a  2  pps  operation*  This  source  would 
have  a  kilowatt  overall  X-ray  yield  at  much  longer 
wavelenqrths.  The  source  size  will  be  selectable 
around  5  to  10  mm  in  length  and  have  a  reproducible 
1  mm  diameter.  Objects  for  investigation  can  be 
placed  as  close  as  10  cm  to  this  source. 


In  principle,  the  source  can  be  constructed  to 
achieve  repetition  rates  up  to  500  Hz.  This  repeti¬ 
tion  rate  is  limited  by  the  vacuum  pumps  necessary  to 
extract  plasma  debris  and  inject  gas  from  the  vacuum 
chamber.  At  these  repetition  rates,  motion  pictures 
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ABSTRACT 

We  present  measurements  of  the  suh-kllovolt  X-ray  emission  from  imploding  wire  arrays  on 
the  1  TW  BLACKJACK  3  pulsed  power  generator.  The  plasma  is  created  hy  driving  a  1  MA,  100  ns 
current  pulse  through  a  cylindrical  array  of  12  fine  wires.  The  wires  form  Individual  plasmas 
which  then  implode  to  become  a  single  plasma  on  the  axis  of  the  array;  this  hot,  dense  plasma 
Is  an  Intense  source  of  soft  X-rays.  Calorimeter  measurements  show  that  maximum  soft  radiation 
yield  Is  produced  from  arrays  having  a  linear  density  of  100  to  200  pg/cm;  for  such  arrays  the 
Implosion  occurs  within  20  ns  of  the  current  peak.  The  dependence  of  the  total  yield  on  mass 
is  largely  Independent  of  wire  material.  The  radiation  pulsewidth  measured  with  an  unflltered 
X-ray  diode  Increases  monotonlcally  with  array  mass  from  a  25  ns  FWHM  observed  for  50  Mg/cm 
arrays . 

The  soft  X-ray  spectra  radiated  by  the  imploding  plasmas  approach  a  blackbody  spectrum 
with  Increasing  wire  mass  and  atomic  number.  Tungsten  and  silver  plasmas  radiate  continuum 
spectra  In  the  sub-kllovolt  range;  no  lines  are  discemable  In  either  case.  Stainless  steel 
plasmas  radiate  a  similar  continuum,  but  L  and  M  lines  arc  present  for  lower  mass  arrays. 

The  continuum  radiated  by  aluminum  plasmas  is  leas  smooth,  and  significant  K  and  L  lines 
are  present  for  lower  masses.  Carbon  plasmas  radiate  Intense  K  and  L  lines  and  an  optically 
thin  continuum.  Similar  soft  X-ray  emissions  can  also  be  achieved  with  small  Imploding  gas  jet 
plasmas . 


I .  INTRODUCTION 

Soft  X-ray  emission  from  exploding  wire  plasmas 
was  first  observed  20  years  ago  by  Vltkovltsky  et 
aid)  using  a  10  GW  capacitive  discharge  system  to 
explode  fine  aluminum  wires  and  hollow  cylinders. 

With  the  development  of  terawatt  pulse  power  genera¬ 
tors  10  years  ago,  creation  of  significantly  more 
Intense  soft  X-ray  emission  sources  became  possible. 
Mosher  et  al(2,3)  produced  tens  of  joules  In  the 
1-10  keV  range  by  exploding  single  wires  on  Gamble  II; 
detailed  spectral  measurements  on  these  plasmas  were 
reported  by  Burkhalter  et  al(A).  The  coupling  of 
electrical  energy  to  the  wire  plasma  was  significantly 
Improved  by  Stallings  et  al(5),  who  showed  that  a 
better  match  to  the  £.111  impedance  of  the  terawatt 
generators  could  be  achieved  with  an  array  of  parallel 
wires.  Measurement  and  analysis  of  the  hv  ^  I  keV 
spectrum  from  these  imploding  wire  array  plasmas  were 
reported  by  Burkhalter  et  al(6). 

Imploding  wire  array  plasmas  are  also  intense 
sources  of  ultra-soft  X-ray  (hv  <,  I  keV)  emission.  In 
this  pai-sr  we  will  characterize  the  sub-kllovolt 
emission  from  these  plasmas  with  experimental  measure¬ 
ments  of  the  relative  radiation  yield,  pulsewidth, 
and  spectrum.  Since  wire  mass  and  material  have 
previously  been  shown  to  strongly  affect  the 
hv  >  1  keV  emission  (2-7) ,  we  shall  also  present  a 
detailed  study  of  these  two  parameters  on  the 
hv  £  1  kcV  emission. 

A  typical  experimental  arrangement  for  Imploding 
wire  arrays  Is  Illustrated  schematically  In  Figures 
1-1  and  1-2.  The  plasma  Is  created  by  driving  a 
cylindrical  wire  array  with  a  mega-ampere  current 
pulse  from  a  terawatt  pulse  power  generator(8) .  A 
typical  I  MA,  100  ns  current  pulse  from  the  BLACK¬ 
JACK  3  pulse  power  generator (9)  Is  shown  In  Figure 
l-3a.  The  current  Initially  vaporizes  and  Ionizes 
the  wires  to  form  Individual  wire  plasmas.  These 

wire  plasmas  are  then  accelerated  by  the  j  x  B 
force  toward  the  axls(lO),  where  they  collide  to  form 
a  hot,  dense  plasma.  The  dense  plasma  emits  a  strong 
radiation  pulse  (Figure  l-3b),  which  Is  monitored 


with  an  unflltered  X-ray  diode  (XRD>  and  an  unflltered 
calorimeter.  The  spectrum  of  the  radiation  is  mea¬ 
sured  with  grating  and  curved  crystal  spectrographs. 
The  spatial  character  of  the  plasma  is  recorded  with 
a  soft  X-ray  pinhole  camera  and  a  high  speed  visible 
framing  camera.  The  framing  camera  photographs  show 
not  only  the  array  Implosion  (Figure  l-4a),  but  also 
the  growth  of  instabilities  in  the  pinched  plasmas 
(Figure  l-4b). 
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DIAGNOSTICS 


GENERATOR 

Figure  1-1.  Wire  load  on  BLACKJACK  3  pulseline. 
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Figure  1-2.  Soft  X-ray  diagnostics. 

0094-243X/81/750035-09$1.50  Copyright  1981  American  Institute  of  Physics 


36 
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Figure  1-3.  Typical  experimental  waveforms 
(shot  3682). 
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Figure  1-4.  Typical  framing  camera  photographs. 


To  provide  a  wide  range  of  conditions  for  examin¬ 
ing  the  effects  of  wire  mass  and  material  on  soft 
X-ray  emission,  one  element  was  selected  from  each 
row  of  the  periodic  table,  viz.,  carbon  (Z  ~  6), 
aluminum  (Z  =  13),  iron  (Z  -  26),  silver  (Z  -  4?)  and 
tungsten  (Z  =  74).  In  each  case,  the  load  consisted 
of  12  Identical  fine  wires  strung  in  an  array  3  cm 
long  by  4  mm  in  diameter  (Figure  1-5),  The  wire 
diameters  were  varied  from  7.5-40  um  to  obtain  arrays 
with  linear  densities  from  50-500  Ug/cm,  The  I  mm  dla 
current  return  posts  were  located  on  a  9  mm  dia 
circle  to  provide  a  3.5  mm  wide  view  of  the  plasma 
between  the  posts;  the  outermost  wires  are  obscured 
by  the  posts.  The  2  mm  gap  between  the  wires  and 
current  return  posts  is  magnetically  insulated  (8). 


Figure  1-5.  Wire  army  configuration. 


The  soft  X-ray  emission  from  Imploding  plasmas 
is  the  subject  of  this  report.  The  spatial  distribu¬ 
tion  of  the  radiation  is  discussed  In  Section  IT.  Tn 
Section  HI,  the  relative  radiation  yield  and  pulse- 
width  measurements  arc  presented,  while  in  Section  TV 
the  spectra  obtained  with  the  various  wire  materials 
are  given.  In  Section  V,  emission  from  an  imploding 
gas  jet  is  described.  Finally,  the  important  findings 
are  summarized  in  Section  VI. 


II.  SOFT  X-RAY  PHOTOGRAPHS 

The  spatial  distribution  of  soft  X-ray  emission 
from  the  plasma  was  recorded  using  a  pinhole  camera 
and  Kodak  Fine  Crain  Positive  film.  One  of  the  two 

2 

pinholes  was  filtered  with  100  pg/cm  of  carbon  to 
produce  a  strongly  peaked  spectral  response  in  the 
100-300  eV  range  and  a  weaker  response  in  the  range 
above  500  eV.  The  other  pinhole  was  filtered  with 
2 

200  ug/cm  of  aluminum  to  match  the  transmission  of 
the  carbon  filter  above  500  eV,  but  with  no  signifi¬ 
cant  lower  energy  window.  Figure  2-la  shows  two 
images  of  the  same  aluminum  plasma,  one  produced 
primarily  by  L-shell  radiation  near  200  eV  and  the 
other  by  K-shell  radiation  near  1500  eV.  The  left 
Image  made  with  softer  X-rays  shows  a  plasma  column 
with  many  lateral  flares;  the  right  image  of  the 
harder  X-ray  emission  shows  a  string  of  intense 
sources  (hot  spots)  along  the  column.  Both  the 
flares  and  hot  spots  appear  to  be  caused  by  the 
"sausage"  instability,  an  axially  symmetric  (m  =  0) 
current-driven  MHD  instability.  The  dark  strips 
bounding  the  plasma  are  the  nearest  two  current 
return  posts  (Figure  1-5),  which  obscure  the  edges  of 
the  plasma. 

As  the  mass  of  the  wire  array  is  increased, 
a  smaller  number  of  less  intense  hot  spots  are 
observed.  This  trend  is  illustrated  in  Figure  2-1 
for  aluminum  plasmas,  but  is  equally  valid  for  stain¬ 
less  steel,  silver  and  tungsten  plasmas.  With  the 
most  massive  arrays,  the  plasma  column  exhibits  lat¬ 
eral  plasma  displacements  produced  by  the  "kink" 

(m  »  1)  instability,  another  current-driven  MHD  insta¬ 
bility.  The  m  =  1  instability  is  also  present  to  a 
lesser  degree  for  the  lower  mass  array,  but  it  is 
somewhat  masked  by  the  m  ®  0  instabilities.  Photo¬ 
graphs  of  the  massive  arrays  also  show  shadows  of  the 
wires  in  their  initial  positions  backlighted  by  the 
pinched  plasma.  This  indicates  that  the  implosion  of 
massive  arrays  leaves  behind  a  substantial  amount  of 
cooler  wire  mass. 
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Figure  2-1.  Soft  X-ray  photographs  —  effects 
of  array  mass. 

For  1  given  array  mass,  as  the  atomic  number  of 
the  wire  material  is  Increased  the  hot  spots  become 
tighter  and  more  nearly  collnear  (Figure  2-2).  This 
effect  has  been  noticed  previously  in  single  exploded 
wire  plaBmas(4).  The  photograph  of  a  tungsten  plasma 
(Figure  2-2b)  shows  many  m  »  0  hot  spots,  but  no 
evidence  of  any  m  »  1  instability.  Carbon  plasmas, 
on  the  other  hand,  show  a  striking  m  *  1  instability 
and  no  m  =*  0  ins*- •'bil  Ity  (Figure  2-3).  Carbon  wire 
implosions  clearly  leave  substantial  wire  mass  at  the 
original  array  position,  whereas  equally  massive 
arrays  of  other  materials  show  no  mass  left  behind. 

The  backlighted  fibers  of  organic  polyolefin  (Figure 
2-3b)  even  show  the  wrinkles  that  existed  when  the 
fibers  were  mounted. 
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Figure  2-2.  Soft  X-ray  photographs  —  effects 
of  wire  material. 
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Figure  3-1.  Radiation  yield  vs.  array  mass  — 
stainless  steel. 
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The  relative  radiation  yield  for  all  the  wire 
materials  is  presented  in  Figure  3-2.  Each  plotted 
point  represents  the  energy  averaged  over  all  shots 
for  that  particular  array;  arrays  with  nine  or  more 
shots  also  have  the  standard  deviation  marked  by 
error  bars.  With  the  exception  of  carbon,  all  the 
data  points  of  Figure  3-2  appear  to  be  within  a 
standard  deviation  of  a  single  curve.  This  yield 
curve  shows  that  the  peak  yield  occurs  for  array 
masses  of  100-200  vg/cm.  The  radiated  energy  from 
the  lower  mass  arrays  is  only  one  standard  deviation 
below  the  peak  and,  thus,  may  represent  a  plateau 
rather  than  a  fall-off. 


Figure  2-3.  Soft  X-ray  photographs  — 
carbon  plasmas. 


A  rough  estimate  of  the  average  ion  density  for 
the  imploded  plasmas  can  be  obtained  using  the  soft 
X-ray  and  framing  camera  photographs.  Assuming  that 
most  of  the  wire  array  mass  is  compressed  into  the 
1  mm  dia  region  from  which  the  strongest  emission 

occurs,  one  obtains  a  mass  density  of  0.013  g/cm^  for 
a  100  Wg/cm  array.  The  corresponding  ion  density 
19  -3 

ranges  from  4.3  x  10  cm  for  tungsten  arrays  to 
20  -3 

2.9  X  10  cm  for  aluminum  arrays.  For  the  complete 
range  of  array  masses  used  in  these  experiments,  the 

19  21  -3 

ion  average  density  lies  in  the  10  -10  cm  range. 
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III.  RADIATION  MEASUREMENTS 

The  total  energy  radiated  by  the  plasma  was 
measured  with  two  unfiltered  tantalum  foil  calori¬ 
meters  which  agreed  to  within  five  percent.  Both 
calorimeters  were  placed  approximately  2  m  from  the 
source  and  were  protected  by  fast  (<1  ms)  shutters  to 
prevent  erroneous  readings  due  to  hot  gasses.  Rela¬ 
tive  total  radiation  yield  measurements  are  shown  in 
Figure  3-1  for  stainless  steel  wire  plasmas;  each 
point  rapreaenta  a  single  experimental  shot.  The 
lines  drawn  through  the  data  points  illustrate  the 
extremes  of  the  data. 
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Figure  3-2.  Radiation  yield  vs.  array  mass 
and  wire  material. 
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The  pulsewldth  of  Che  radiation  emission  was 
measured  with  aluminum  X-ray  diodes  (XRD) .  Most  of 
the  data  was  taken  with  an  unfiltered  XRD,  which  is 
most  sensitive  to  the  softest  radiation,  i.e.,  ultra- 
voilet.  The  bare  XRD  FWHM  pulsewidth  was  found  to 
increase  monotonically  with  array  mass  (Figure  3-3). 
Again,  the  data  all  lie  within  a  standard  deviation 
of  a  single,  curve  with  the  exception  of  carbon.  A 
minimum  pulsewidth  of  ^25  ns  was  measured  for 
A4  Mg/cm  arrays.  Several  measurements  were  taken 

2 

with  an  XRD  filtered  with  100  Mg/cm  of  carbon.  The 
XRD  chan  responds  primarily  Co  100-283  eV  photons; 
these  data  suggest  that  much  of  Che  radiation  is 
emitted  in  a  pulse  whose  width  is  half  that  measured 
by  the  bare  XRD. 
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Figure  3-3.  XRD  pulsewidth  vs.  array  mass 
and  wire  material. 


The  bare  XRD  was  also  used  to  monitor  the  timing 
of  the  radiation  pulse  relative  to  the  current  wave¬ 
form.  The  data  of  Figure  3-A  show  that,  for  all 
material  studied,  the  radiation  pulse  occurs  later  In 
time  as  the  array  mass  Increases.  The  highest  yields 
occur  on  shots  whose  XRO  signal  peaks  10-20  ns  after 
the  current  peak.  We  also  observe  that  the  radiation 
pulse  is  simultaneous  with  a  current  dip  due  to  an 
increase  in  the  impedance  of  the  plasma  load.  When 
the  dip  occurs  near  peak  current,  a  shift  occurs  in 
the  timing  of  the  current  peak.  This  is  particularly 
obvious  with  the  low  mass  arrays  where  the  dip  is 
most  pronounced. 

One  of  the  major  unanswered  questions  in  the 
physics  of  Imploding  wire  arrays  is  the  nature  of  the 
plasma  heating.  According  to  the  early  theories,  the 
plasma  is  heated  by  a  rapid  thermallsation  of  the 
kinetic  energy  of  the  individual  imploding  wires  as 
they  collide  on  axi8(ll,12).  Improved  experimental 
measurements  such  as  those  presented  here  show  that 
this  process  can  account  for  only  a  fraction  of  the 
radiated  energy. 
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Figure  3-4.  XRD  peak  timing  vs.  array  mass 
and  wire  material. 


One  can  calculate  the  kinetic  energy  transferred 
to  the  imploding  wire  plasmas  by  considering  the 
equation  of  motion  for  a  thin  annular  cylinder  driven 

only  by  the  j  x  B  force 


mr 


M  n 

o 

ATTr 


(1) 


Here  I  is  the  current  flowing  along  the  cylinder, 
and  m  ,  r  and  are  its  mass,  radius  and  length, 

respectively.  Multiplying  by  r  and  integrating 
with  respect  to  time  we  obtain 
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If  I  is  constant,  this  equation  can  easily  be  inte¬ 
grated  to  obtain  a  simple  relation  between  the 
Increase  in  kinetic  energy  and  the  compression  ratio: 
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When  the  appropriate  experimental  values  are  used  the 
observed  radiation  yield  is  found  to  be  significantly 
higher  than  the  kinetic  energy  input. 

Calculations  with  a  one-dlmenslonal  fluid  code 
have  obtained  reasonable  agreement  with  experimental 
yields  and  pulsewidths  when  the  classical  resistivity 
is  multiplied  by  an  ad  hoc  factor  of  fifty(13). 
Additional  evidence  for  the  anomalous  resistivity 
hypothesis  is  provided  by  two  dimensional  fluid 
calculations  with  a  non-classical  resistivity,  which 
predict  saturated  sausage  Instability  wavelength  and 
amplitude  in  good  agreement  with  experimental  observa- 
tlons(l4).  While  anomalous  Joule  heating  may  well  be 
the  major  plasma  heating  process,  this  hypothesis  has 
never  been  directly  verified  because  of  the  extreme 
difficulty  of  measuring  electric  fields  and  current 
densities  in  the  plasma.  Furthermore,  the  cause  and 
scaling  of  the  anomalous  resistivity  are  open  to 
speculation. 
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The  experlneiital  data  do  show  that  the  plasma 
radiation  and,  thus,  the  plasma  heating,  are  strongly 
correlated  with  the  m  «  0  instability  which  is  so 
prominent  in  the  pinhole  camera  photographs.  The 
framing  camera  photograph  (Figure  l-4b)  shows  that 
the  peak  of  the  radiation  pulse  (Figure  l-3b)  coin¬ 
cides  with  the  presence  of  m  *  0  sausages  in  the 
plasma  (t  «  170-180  ns).  Furthermore,  the  larger 
radiation  yields  are  strongly  correlated  with  the 
presence  of  the  m  •  0  instability.  Carbon  plasmas, 
whose  yields  are  half  those  of  the  other  wire  mate¬ 
rials,  show  virtually  no  m  ■■  0  sausages  (Figure 
2-2).  For  the  other  wire  materials,  higher  yields 
were  obtained  for  the  lower  mass  arrays,  which  showed 
prominent  m  *  0  sausages  (Figures  2-1  and  2-2). 

The  fact  that  the  yield  was  independent  of  wire 
material  (except  for  carbon)  suggests  that  the  current 
is  still  being  carried  primarily  by  electrons  rather 
than  by  Ions.  Additional  experiments  are  planned  to 
investigate  the  plasma  power  balance  and  the  evolution 
of  the  m  «  0  instability.  Hopefully,  this  will 
lead  to  an  understanding  of  the  nature  and  scaling  of 
the  plasma  heating. 

IV,  SPECTRAL  MEASUREMENTS 

Several  spectrographs  were  used  to  obtain  tempo¬ 
ral  iy  and  spatially  Integrated  spectra  of  the  plasma 
radiation  in  the  40-A000  eV  range.  An  extreme  ultra¬ 
violet  (XUV)  spectrograph  with  aim  radius, 

1200  lines/mm  grating  covered  the  40-500  eV  region; 
Kodak  101-01  film  was  used  to  record  the  spectrum. 

Lead  myristate  and  potassium  acid  phthalate  (KAP) 
curved  crystal  spectrographs  with  Kodak  2490  film 
were  used  to  measure  the  spectrum  In  the  700-4000  keV 
region.  These  instruments  were  uncalibrated  for 
spectral  intensity,  and  so  only  qualitative  observa¬ 
tions  on  the  radiation  spectra  will  be  presented.  In 
general,  the  spectra  show  lines  superimposed  on  an 
intense  XUV  continuum;  Isolated  lines  are  also  present 
at  higher  energy  in  some  cases.  The  lines  merge  into 
a  smooth  continuum  as  the  mass  and  atomic  number  of 
the  wires  is  increased. 

The  XUV  spectra  of  carbon  plasmas  show  intense 
K  and  L  lines  superimposed  on  the  continuum  (Fig¬ 
ure  4-1).  The  continuum  appears  optically  thin  when 
compared  to  the  line  intensities.  This  is  not  sur¬ 
prising  considering  not  only  the  relative  lack  of 
carbon  transitions  in  the  XUV  range,  but  also  the 
mass  left  behind  in  the  implosion.  The  ionization 
state  is  primarily  C  VI  (hydrogen-like)  with  lesser 
amounts  of  C  V  (helium-like)  and  presumably  C  VII 
(fully-strlpprd) .  Although  the  plasma  is  time- 
varying  and  inhomogeneous,  one  can  estimate  a  tempera¬ 
ture  of  -^50  ev  from  the  line  intensities. 


Figure  4-1.  Carbon  XUV  spectrum  —  185  yg/cm 
(shot  3723). 


Aluminum  plasmas  created  from  the  lighter  arrays 
(^150  yg/cm)  radiated  intense  K  lines.  In  the  K 
spectrum  measured  with  the  KAP  spectrograph  (Fig¬ 
ure  4-2),  the  strongest  lines  are  from  A1  XII  (helium¬ 
like)  but  significant  A1  XIII  is  also  present.  The 
XUV  spectrum  taken  with  the  grating  spectrograph 
(Figure  4-3)  shows  L  lines  primarily  from  A1  XI 
(lithium-like)  but  also  from  A1  X.  Simultaneous 
observation  of  emission  from  all  these  ionization 
states  is  indicative  of  temperature  gradients  In  the 
plasma.  The  A1  XII  and  A1  XIII  radiation  emanates 
from  the  hot  spots,  whose  temperature  is  estimated  to 
be  %300  eV,  while  the  A1  X  and  A1  XI  radiation  comes 
primarily  from  cooler  regions  with  -^50  eV  tempera¬ 
tures. 
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Figure  4-2.  Aluminum  K  spectrum  —  164  pg/cm 
(shot  3661). 


Figure  4-3.  Aluminum  XUV  spectrum  —  59  Pg/cm 
(shot  3746). 
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As  the  mass  of  Che  aluminum  array  was  increased, 
the  Intensity  of  the  K  line  radiation  was  observed 
to  decrease  monotorlcally,  while  the  continuum  became 
relatively  more  intense.  For  Che  164  pg/cm  array, 
several  L  lines  are  barely  perceptible  above  the 
continuum  (Figure  4-4),  while  for  the  lighter  59  pg/cra 
array  the  continuum  is  weaker  and  the  L  lines  are 
more  prominent  (Figure  4-3) . 


Figure  4-4.  Aluminum  XUV  spectrum  —  164  pg/cm 
(shot  3733). 

The  radially  resolved  spectra  of  Figure  4-3 
show  that  when  the  line  of  sight  is  moved  off  axis, 
the  continuum  intensity  falls  faster  than  the  line 
intensity,  revealing  additional  lines.  This  is 
consistent  with  Che  theoretical  expectation  Chat  the 
continuum  results  from  a  complicated  merging  of 
opacity-broadened  lines  and  radiative  recombination 
conClnua  from  the  L-shell  of  many  aluminum  species. 
This  hypothesis  Is  further  confirmed  by  the  observa¬ 
tion  that  the  lines  merge  more  completely  into  a 
continuum  for  heavier  arrays  (more  matter  in  the  line 
of  sight)  and  for  higher  Z  arrays  (more  transitions 
available  In  the  XUV  range) . 

With  stainless  steel  plasmas,  L  lines  are 
observed  only  for  the  lighter  arrays.  The  L  lines 
measured  with  the  KAP  spectrograph  (Figure  4-5)  are 
from  highly  ionized  species:  neon-llke  (Fe  XVXI, 

N1  =X),  flourine-like  (Fe  XVIII,  Cr  XVI)  and  oxygen- 
Hkc  (Fe  XIX,  Cr  XVII).  The  XUV  spectra  also  show 
intra-shell  (An  *  0)  L  lines  from  the  same  highly 
ionized  species  (Figure  4-6).  These  species  are 
presently  only  In  localized  hot  spots,  where  the 
temperature  Is  estimated  at  ^200  eV.  For  the  heavier 
arrays,  the  t  lines  disappear. 
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Figure  4-5.  Stainless  steel  L  spectrum  — 
44  pg/cm  (shot  3121) , 
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Figure  4-6.  Stainless  steel  XUV  spectrum  — 
44  pg/cm  (shot  3736). 


Stainless  steel  plasmas  also  radiate  distinct  M 
lines  and  a  continuum  for  lighter  arrays  (Figure  4-6), 
but  for  heavier  arrays,  the  M  lines  merge  into  the 
continuum  (Figure  4-7).  The  prominent  M  lines  are 
from  the  sodlum-llke  species  Fe  XVI  and  Ni  XVIII; 
from  these  we  estimate  a  plasma  temperature  of  .^50  eV. 
The  lower  ionization  states  of  the  stainless  steel 
species  are  undoubtedly  also  present.  Note  that  Che 
continuum  is  smoother  and  more  intense  than  that  of 
the  aluminum  plasmas. 
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Figure  4-7.  Stainless  steel  XUV  spectrum  — 
176  pg/cm  (shot  3731). 


The  XUV  spectra  of  silver  (Figure  4-8)  and 
tungsten  (Figure  4-9)  plasmas  show  smooth,  single- 
peaked  continua  with  no  dlscernable  lines.  The 
similarity  of  the  two  spectra  suggests  that  high  Z 
plasmas  are  sufficiently  opaque  throughout  the  XUV 
range  that  the  emission  spectrum  no  longer  depends 
upon  the  electronic  details  of  the  constituent  ions. 
Even  the  light  arrays  of  high  Z  wires  show  the  same 
spectrum  indicating  that  the  plasma  is  still  optically 
thick. 
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Figure  4-8.  Silver  XUV  spectrum  —  102  Mg/cm 
(shot  3722). 
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Figure  4-9.  Tungsten  XUV  spectrum  —  141  pg/cm 
(shot  3715). 


X-ray  measurements  of  tungsten  and  silver  plasmas 
with  the  crystal  spectrographs  show  no  significant 
emission  above  700  eV,  indicating  that  essentially 
all  the  energy  is  radiated  in  the  continuum.  In 
contrast,  the  same  spectrographs  recorded  significant 
aluminum  K  radiation  (-^1.6  keV)  and  Iron  L 
radiation  (^0.8  keV) .  In  a  previous  investigation (4) 
single  exploded  wires  of  50*100  pg/cm  did  produce 
silver  L  radiation  (..^3  keV)  and  tungsten  M 
radiation  (^2  keV)  when  driven  with  twice  the  elec¬ 
trical  energy  available  in  the  present  experiments. 

The  spectral  data  show  a  number  of  significant 
trends  running  through  the  complete  range  of  array 
mass  and  wire  material.  The  most  important  of  the 
trends  is  an  apparent,  consistent  increase  in  emissiv- 
ity  below  1  keV  with  both  Increasing  mass  and  increas¬ 
ing  atomic  number.  Furthermore,  the  shape  of  the 
<1  keV  continuum  appears  to  be  converging  with  in¬ 
creasing  Z  ;  for  sufficiently  high  Z  the  spectral 
shape  is  Independent  of  the  electronic  details  of  the 
plasma  species.  Both  high  and  low  Z  plasmas  heat 
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up  to  .^50  eV,  whereupon  they  convert  their  input 
energy  to  radiation.  High  Z  plasmas  radiate  all 
their  energy  in  the  <l  keV  range,  whereas  low  Z 
plasmas  radiate  significant  energy  in  keV  lines 
because  of  their  lesser  emlsslvity  in  the  <\  keV 
range. 

The  spectra  also  show  a  consistent  trend  with 
array  mass.  Low  mass  plasmas  have  lower  emissitlvity 
below  I  keV  and,  thus,  their  *^1  keV  contlnua  are  less 
incense  while  their  keV  lines  are  more  intense. 
Increasing  the  mass,  transfers  more  radiation  into 
the  <1  keV  range,  but  only  up  to  a  point.  For  masses 
above  200  ;jg/cm,  the  decrease  in  plasma  input  energy 
is  more  important  and  the  continuum  Intensity  dimin¬ 
ishes  . 

V.  IMPLODING  GAS  JET  PLASMAS 

Imploding  plasmas,  such  as  those  discussed 
above,  are  intense  X-ray  sources  which  can  be  impor¬ 
tant  for  a  variety  of  applications.  For  example. 
X-ray  diagnostic  development,  micro-lithography, 
biological  microscopy,  absorption  spectroscopyd 5) , 
and  extended  X-ray  absorption  fine  structure  (EXAFS) 
studies  have  already  been  performed  using  imploding 
wire  plasmas  on  BLACKJACK  3.  These  and  other  areas 
of  study  can  be  actively  pursued  with  the  BLACKJACK  3 
user  facility  by  interested  scientist. 

A  more  compact  laboratory  source  of  soft  X-ray 
emission  than  BLACKJACK  3  is  provided  by  imploding  a 
hollow,  cylindrical  gas  jet  with  a  direct  capacitive 
drive.  The  gas  jet  implosion  dynamics  are  quite 
similar  to  those  observed  with  wire  arrays.  The 
advantages  of  the  gas  jet  are;  first,  the  ability  to 
use  gases  and  thus  complement  the  line  spectra  avail¬ 
able  with  wire  arrays,  and  second,  the  ease  with 
which  the  gas  load  can  be  repetitively  pulsed.  The 
gas  jet,  shown  schematically  in  Figure  5-1,  is  pro¬ 
duced  by  opening  a  fast  valve  and  allowing  gas  to 
pass  through  an  annular  nozzle.  A  capacitor  bank  is 
then  discharged  through  the  jet  causing  the  gas 
(plasma)  to  implode  onto  its  axis.  The  pinched 
1  mm  dia  plasma  emits  a  burst  of  soft  X-rays  which 
typically  lasts  several  tens  of  nanoseconds. 
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Figure  5-1.  Imploding  gas  jet  plasma. 

The  small  pulsed  gas  jet  plasma  source,  LEXIS  I, 
has  been  operated  with  a  number  of  gases.  Preliminary 
measurements  show  that  the  line  and  continuum  spectra 
can  be  adjusted  by  varying  the  mass  and  atomic  number 
of  the  gas;  the  relationships  between  X-ray  emission 
and  gas  Jet  parameters  appear  to  be  similar  to  those 
observed  with  imploding  wire  array  plasmas.  With 
krypton,  for  example,  20  J  pulses  of  1.65-1.95  keV 
radiation  from  the  L  lines  of  neon-llke  Kr  XXVII 
(Figure  5-2)  have  been  observed.  This  radiation  has 
been  used  successfully  to  expose  resists  for  X-ray 
micro-lithography(16) .  The  source  also  produces 
several  hundred  joules  per  shot  of  softer  (hv  <  I  keV) 
radiation,  with  a  continuum-like  spectrum  (Figure 
5-3).  This  softer  radiation  has  proven  to  be  very 
useful  in  applications  such  as  the  microscopy  of 
biological  materials  and  surface  EXAFS.  A  detailed 
description  of  the  source  and  some  of  its  applications 
has  been  presented  elsevherefl?) . 
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Figure  5-2.  Krypton  L-shell  spectrum. 
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Figure  5-3.  Krypton  XUV  spectrum. 


VI.  CONCLUSION 

We  have  shown  that  plasmas  created  from  Imploding 
wire  arrays  provide  Intense  sources  of  subkilovolt 
radiation.  Both  the  radiation  yield  and  pulsewidth 
depend  strongly  upon  the  mass  of  the  wire  array  and 
weakly  upon  the  wire  material.  All  materials  give 
nearly  the  same  yield  and  pulsewidth  except  for 
carbon,  which  gives  half  the  yield  and  three  times 
the  pulsewidth.  The  yield  Is  a  maximum  for  array 
masses  of  100-200  yg/cm  which  Implode  near  peak 
current;  the  yield  falls  off  sharply  for  heavier 
arrays.  The  bare  XRD  pulsewidth  increases  monotoni- 
cally  with  array  mass  from  a  minimum  of  25  ns  for  the 
lightest  arrays. 

Pinhole  camera  photographs  of  the  plasma  show 
that  the  radiation  Is  emitted  primarily  from  an 
Imploded  or  pinched  plasma  mm  In  diameter  by  3  cm 
long.  The  average  temperature  of  the  bulk  plasma  is 
estimated  to  reach -^50  eV,  and  average  ion  densities 
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are  estimated  to  range  from  10  -10  cm  for  the 

various  masses  and  materials  used.  The  photographs 
also  show  that  the  linear  plasma  is  constricted  by 
the  sausage  Instability  Into  flares  and  hot  spots 
(with  temperatures  of  several  hundered  electron 
volts) .  Because  these  hot  spots  are  correlated  with 
the  radiation  yields  and  timing,  we  believe  that 
sausage  instability  may  play  an  important  role  in  the 
plasma  heating. 

All  the  Imploding  wire  plasmas  radiate  a  soft 
X-ray  continuum  which  results  from  a  complicated 
merging  of  opacity-broadened  lines  and  radiative 
recombination  continua.  As  the  atomic  number  (Z)  of 
the  plasma  is  increased,  the  Increased  opacity  pro¬ 
duces  a  continuum  which  is  smoother  and  more  Intense. 
For  high  Z  plasmas  such  as  silver  and  tungsten,  the 
mass  of  the  array  has  little  effect  on  the  continuum 
until  it  exceeds  200  ug/cm;  above  this  point,  the 
increased  mass  and  decreased  energy  coupling  produce 
cooler  plasmas  and,  consequently,  diminished  continuum 
intensity.  For  lower  Z  materials  such  as  aluminum 


and  iron,  an  Increase  In  mass  also  increases  the 
opacity,  which  produces  a  smoother,  more  intense 
continuum;  however,  above  200  pg/cm,  an  Increase  in 
mass  diminishes  the  continuum  intensity  for  the  same 
reasons  as  In  high  Z  plasmas. 

In  addition  to  the  soft  X-ray  continuum,  the 
plasmas  also  emit  line  radiation  (primarily  from  the 
hot  spots).  The  intensity  of  these  lines  increases 
with  decreasing  atomic  number  and  decreasing  array 
mass.  With  lower  mass  arrays  (1150  pg/cm)  aluminum 
plasmas  radiate  Intense  K  lines,  while  stainless 
steel  plasmas  radiate  less  intense  L  lines;  alumi¬ 
num  L  lines  and  stainless  steel  M  lines  are 
observed  above  the  continuum  for  low  mass  arrays.  No 
distinct  line  radiation  is  observed  for  either  silver 
or  tungsten  plasmas. 

Imploding  gas  Jet  plasmas  provide  compact, 
convenient  laboratory  sources  of  Intense  soft  X-ray 
emission  for  diagnostic  development  and  other  applica¬ 
tions.  The  line  radiation  of  the  lower  Z  plasmas 
has  already  been  succcessfully  applied  In  X-ray 
micro-lithography  and  in  biological  microscopy.  The 
smooth  continuum  of  the  high  Z  plasmas  has  been 
shown  to  be  an  Ideal  backlighting  source  for  absorp¬ 
tion  spectroscopy  and  extended  X-ray  absorption  fine 
structure  studies. 

We  are  grateful  for  the  technical  assistance  of 
J.  Devlin,  G.  Hulse,  W.  Kaiser,  J.  Mangelsdorf, 

D.  Powell,  and  A.  Vasquez.  Without  their  skill  and 
dedication  it  would  not  have  been  possible  to  obtain 
such  a  comprehensive  set  of  data  in  the  limited  time 
available.  We  are  also  grateful  to  Dr.  B.  Henke  for 
providing  the  lead  myrlsCate  crystal,  and  to  J.  Owren 
and  Marco  Scientific  for  support  in  making  the  framing 
camera  photographs. 
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Section  ri  Detectors  for  Sub-kilovolt  Radiation 


Photoemlsslon  Measurements  for  Low  Energy  X-Ray  Detector  Applications 

Robert  H.  Day 

Los  Alamos  National  Laboratory,  P.  0.  Box  1663,  HS-410,  Los  Alamos,  NH  87546 

ABSTRACT 

Photoemlsslon  has  been  studied  for  nearly  100  years  as  both  a  means  of  investigating 
quantum  physics,  and  as  a  practical  technique  for  transducing  optical/x-ray  photons  into 
electrical  currents.  Numerous  x-ray  detection  schemes,  such  as  streak  cameras  and  x-ray 
sensitive  diodes,  exploit  this  process  because  of  its  simplicity,  adaptability,  and  speed. 
Recent  emphasis  on  diagnostics  for  low  temperature,  high  density,  and  short-lived,  plasmas  for 
inertial  confinement  fusion  has  stimulated  interest  in  x-ray  photoemlsslon  in  the  sub-kilovolt 
regime.  In  this  paper,  a  review  of  x-ray  photoemlsslon  measurements  in  the  50  eV  to  10  keV 
x-ray  region  is  given  and  the  experimental  techniques  are  reviewed.  A  semiempirical  model  of 
x-ray  photoemlsslon  is  discussed  and  compared  to  experimental  measurements.  Finally,  examples 
of  absolutely  calibrated  Instrianents  are  shown. 


INTRODUCTION 

The  subject  of  this  afternoon's  session  will  focus 
our  attention  on  detectors  for  sub-keV  x-ray  plasma 
diagnostics.  It  is  frequently  desirable  to  transform 
x-ray  emission  into  an  electrical  current  for  subse¬ 
quent  recording  and  the  photoelectric  effect  is  a 
useful  mechanism  for  transducing  electromagnetic  radia¬ 
tion  Into  free  electrons.  This  paper  is  a  brief  review 
of  this  process  as  It  applies  to  pulsed  plasma  x-ray 
detectors. 

The  photoelectric  process  is  conceptually  simple 
as  outlined  schematically  In  Fig.  1.  Radiation 
incident  on  a  photosensitive  surface  Interacts  with  the 
cathode  via  photoelectric  absorption  or  Compton  scat¬ 
tering,  creating  energetic  primary  and  Auger  electrons. 
These  electrons  traverse  the  material  creating  low 
energy  secondary  electrons.  Some  fraction  of  the 
primary  and  secondary  electrons  are  emitted  from  the 
surface  of  the  photocathode. 


Fig.  1.  Schematic  of  the  photoelectron  emission 
process . 

This  emission  is  a  complicated  function  of  space, 
energy,  and  time  characterised  by  the  distribution 
M(E^,Ep,0,*,t) ,  where  E^  is  the  emitted  electron 

energy,  Ep  is  the  incident  photon  energy,  0  is  the 

photon  angle  of  incidence  from  the  photocathode  sur¬ 
face,  4  is  the  electron  emission  angle  relative  to 


the  photocathode  surface,  and  t  is  time.  Photo¬ 
electrons  are  extracted  by  an  applied  electric  field, 

,  and  can  be  used  directly  as  the  detector  signal  or 
the  photocathode  return  current  can  be  measured. 

The  photoelectric  process  has  three  important 
properties  which  make  it  useful  in  low  energy  x-ray 
pulsed  plasma  detectors. 

1.  Speed:  The  intrinsic  speed  of  the  photo¬ 
electric  emission  is  <10~*^s.  Transport  of 
electrons  to  the  surface  takes  <10~i'*s  and 
collection  of  the  emitted  current  can  take 

<10“12  S. 

2.  Linearity:  For  many  metallic  photoeathodes 
and  modest  extraction  field,  the  process  is 
linear  to  better  than  It  over  15  orders  of 
magnitude  in  photon  intensity. 

3.  Simplicity:  The  technique  is  adaptable  to 
many  experimental  geometries.  Is  sensitive 
over  a  broad  range  of  x-ray  energies,  and  can 
be  tailored  to  specific  needs  by  choice  of 
materials. 

Because  of  these  features,  photoelectric  emission 
has  found  widespread  use  in  many  detector  systems. 

This  paper  reviews  the  status  of  our  knowledge  of  this 
process  as  it  applies  to  the  design,  calibration,  and 
use  of  low  energy  x-ray  diagnostics.  It  starts  with  an 
historical  perspective  on  research  into  this  process 
and  then  summarizes  a  model  of  photoemlsslon.  The 
measuring  techniques  of  each  major  differential  elec¬ 
tron  distribution  are  described  and  typical  experi¬ 
mental  data  is  presented.  The  long  term  stability  of 
the  photoelectric  emission  process  is  discussed  and  it 
is  shown  how  these  elements  are  applied  in  a  practical, 
absolutely  calibrated,  sub-keV  x-ray  spectrometer 
system. 

HISTORICAL  PERSPECTIVE 

Photoelectric  emission  is  one  thread  in  the  fabric 
of  modern  physics  which  is  deeply  woven  into  the 
tapestry  of  quantum  electrodynamics.  The  photoelectric 
effect  has  been  observed,  studied,  and  utilized  for 
nearly  100  years  with  the  first  descriptions  reported 
in  1887  by  Hertz, (1)  Schuster, (2)  and  Arrhenius. (3) 

During  the  next  18  years,  the  basic  properties  of 
photoemlsslon  were  discovered: 

1.  The  total  emitted  current  is  linear  with  elec¬ 
tromagnetic  intensity. 

2.  The  highest  electron  energy  increases  linearly 
with  the  exciting  photon's  energy  irrespective 
of  the  incident  intensity. 

3.  The  emission  is  essentially  instantaneous. 

It  was  recognized  that  properties  2  and  3  in  the 

list  above  are  incompatible  with  Maxwell's  classical 
electromagnetic  theory  and  th's  contradiction  motivated 
the  second  of  Albert  Einstein's  three  seminal  papers 
published  in  Annalen  der  Phsyik  in  1905. (4>  It  was 
entitled  "On  a  Heuristic  Viewpoint  Concerning  the  Pro¬ 
duction  and  Transformation  of  Light"  and  laid  the 
groundwork  for  representing  photons  as  localized 
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particles  with  energy  and  momentum.  During  the  next  20 
years,  detailed  experimental  investigations  by 
MillikanCS) ,  Compton(6),  and  others  established  the 
photon  as  the  particle  component  of  the  electromagnetic 
wave-particle  duality. 

As  interest  in  the  photoelectric  effect  fell 
behind  the  frontiers  of  quantum  physics.  Interest 
increased  in  applying  this  unique  process  to  a  broad 
range  of  applications.  Many  modern  detector  systems 
such  as  ionization  chambers,  proportional  counters, 
photomultiplier  tubes,  photodiodes,  x-ray  streak  and 
framing  cameras  make  use  of  this  effect. 

PHOTOEMISSION  MODELS 

Despite  nearly  100  years  of  research,  we  still  do 
not  have  a  complete  theory  of  photoelectric  emission  as 
it  applies  to  practical  detector  systems.  The  mech¬ 
anisms  that  must  be  accurately  modeled  include:  1)  the 
generation  of  the  primary  electron  either  through 
photoelectric  absorption  or  incoherent  scattering,  2) 
the  transport  of  primary  and  Auger  electrons  to  the 
photocathode  surface  and  their  energy  loss  to  second¬ 
aries,  and  3)  the  generation  of  a  detectable  signal 
from  these  electrons.  Of  these  three  steps,  the 
secondary  generation  and  transport  process  is  by  far 
the  least  well-understood. 

The  photon  interaction  is  dominated  by  photo¬ 
electric  absorption  and  recent  theoretical  studies  by 
Pratt,  et  al.(7)  demonstrate  that  good  models  of  photo¬ 
electric  cross  sections  exist  above  ten  kilovolts. 

More  important,  for  a  predictive  model  of  detector 
behavior,  excellent  compilations  of  x-ray  cross  sec¬ 
tions  are  available  for  all  elements  at  photon  energies 
above  100  eV,(8-11)  and  for  selected  elements  at  lower 
energies. ( 12-13)  Thus,  it  is  possible  to  model  the 
primary  electron  production  mechanism  quite  accurately. 

The  primary  electron  transport  and  secondary 
generation  and  transport  provides  a  much  greater 
challenge.  A  typical  electron  distribution,  dN/dE^, 

for  photoemitted  electrons  is  shown  in  Fig.  2  as  re¬ 
printed  from  Henke,  et  al.(lk)  The  Important  features 
of  this  spectrun  are  "no  loss"  peaks  for  the  photo  and 
Auger  electrons,  their  associated  loss  tails,  and  a 
large  secondary  electron  emission  in  a  distribution  a 
few  eV  wide  below  10  eV, 


Fig.  2.  A  typical  photoemission  spectrum. 

Henke,  et  al.dit)  have  proposed  a  semlempirlcal 
model  that  accounts  for  the  "no  loss"  peak  and  provides 
shapes  of  the  secondary  electron  distribution.  The 
model  has  also  been  modified  to  account  for  the  in¬ 
ternal  electron  scattering  processes  in  semiconductors 
and  insulators. (15)  Though  absolute  predictions  of 
electron  yield  or  spectra,  are  not  yet  possible,  this 
model  quite  accurately  predicts  the  shape  of  the  sec¬ 
ondary  electron  distribution  and  the  photon  energy 
dependence  of  the  total  emitted  electron  yield. 


Once  an  accurate  model  or  measurement  of  the  elec¬ 
tron  distribution  at  the  surface  of  the  photocathode 
has  been  obtained,  the  transport  of  this  distribution 
through  the  electron-optical  detector  is  usually  well 
understood.  This  step  establishes  the  time  response  of 
the  detector  system.  For  example,  the  energy  width  of 
the  secondary  electron  distribution  establishes  the 
maxlmim  time  resolution  in  a  streak  camera  system. 

Similarly,  the  rise  time,  t^,  of  a  photodiode 

detector  is  given  by  the  flight-time  of  the  electrons 
across  an  anode-cathode  gap  spacing,  d,(16).  For  an 
anode-cathode  gap  voltage,  V ;  t^  a  d//v.  This  func¬ 
tional  dependence  has  been  verifiedd?)  and  the  data  is 
shown  in  Fig.  3.  With  modest  accelerating  voltages,  ~3 
kV,  and  anode-cathode  gap  spacings  of  the  order  of 
1-mm,  it  is  possible  to  build  photodiode  detector 
systems  with  sub-100  ps  response  times. 


Fig.  3.  Detector  risetime  versus  anode-cathode  gap 
voltage  and  anode-cathode  separation. 

PHOTOEMISSION  DATA 

Because  there  is  no  complete  theory  of  photo¬ 
emission,  and  photoemission  is  a  surface  phenomena 
which  depends  critically  on  surface  condition  and 
contaminants,  it  is  necessary  to  perform  extensive 
measurements  on  individual  materials  and  geometries  of 
practical  Interest.  Fach  parameter  in  the  electron 
distribution,  E^,  E^,  0,  and  4,  critically  affects 

different  types  of  detector  systems. 

In  the  following  subsections,  a  brief  description 
will  be  given  of  how  a  particular  parameter  affects 
different  types  of  diagnostic  devices,  the  techniques 
utilized  to  measure  the  parameter.  Samples  of  the 
available  data  will  be  presented  with  comparison  to 
models  when  possible. 

No  attempt  is  made  to  compile  a  complete  bibliog¬ 
raphy  of  the  available  data  In  the  text  of  this  paper. 
Rather,  it  is  presented  in  the  Appendix  as  a  thorough 
but  not  exhaustive  list  of  references  on  photoemission 
data  above  10  eV.  Tables  are  also  included  which 
organize  the  different  types  of  data  by  element  and 
energy, 

A.  Quantum  Efficiency  dN/dE^ 

The  quantum  efficleny,  number  of  electrons  emitted 
per  Incident  photon,  is  the  most  common  photoemission 
data  and  is  required  for  most  absolutely  calibrated 
systems. 
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A  quantum  efficiency  experiment  is  performed  as 
shown  schematically  in  Fig.  l|.  A  monochromatic  photon 
beam  is  incident  on  the  photocathode,  and  the  incident 
flux  and  emitted  current  are  monitored  to  derive  the 
quantum  efficiency.  The  primary  beam  energy  is  changed 
and  the  photon  energy  dependence  is  determined. 


PlMOrlMMl  CDHMIV/ 


Fig.  4.  Quantum  efficiency  measurements  are  performed 
by  comparing  the  emitted  photoelectron  current  to  the 
x-ray  flux . 

Many  such  measurements  have  been  made  on  a  wide 
variety  of  metallic,  semiconductor,  and  insulating 
surfaces  as  part  of  detector  development  programs  over 
the  past  50  years.  Our  interest  in  characterizing 
x-ray  detectors  for  subkilovolt  x-ray  measurements  has 
required  extending  this  data  into  the  50  eV  to  1  keV 
photon  energy  regime  where  few  measurements  have  been 
made.  Typical  results  for  photon  energies  of  20  eV  to 
to  keV  are  show)  in  Fig.  5  for  photocathodes  of  gold, 
alunlnun,  copper,  and  nickel.  Many  references  for  this 
type  of  data  are  listed  in  Table  I  of  the  Appendix. 

The  best  available  photoemission  models  such  as 
Henke's  model  mentioned  above,  predict  quantum  effi¬ 
ciencies,  QE,  with  an  energy  dependence; 

QE  a  Ep.MCEplOfCEp) 

where  uCEp)  is  the  incident  radiation  photoelectric 
cross  section  and  f(Ep)  is  a  slowly  varying  function  of 

photon  energy  related  to  the  efficiency  of  converting 
photo  and  Auger  electrons  into  secondaries. 

To  test  this  result,  0E/(u(E)«E)  vs  F  is  plotted 
in  Fig.  6  for  carbon,  aluninum,  and  gold  samples.  The 
resultant  curve  is  the  energy  dependence  of  f (E) .  The 
lines  drawn  through  the  data  points  of  Fig.  6  are 
provided  to  guide  the  eye  and  do  not  represent  a  model 
of  f(E), 

In  general,  f(E)  is  a  slowly  varying  function  of 
energy  and  the  |j(E)*E  term  accounts  for  most  of  the  two 
or  three  orders  of  magnitude  variation  in  quantum 
efficiency.  For  gold,  f(E)  does  not  vary  by  more  than 
20-301  from  20  eV  to  10  keV.  A  small  anomaly  is  seen 
near  150  eV  at  the  N  abosrptlon  feature  and  again  at 
1.8  keV  at  the  H  absorption  edge.  Alunlnimi  shows  the 
largest  absorption  edge  and  large  changes  in  f(E)  over 
the  entire  range  of  energies.  The  alunlnun  surface  was 
modeled  as  AlzOsi  dnd  if  we  use  a  pure  alunlnun 
surface,  the  effect  is  even  more  pronounced.  For  the 
carbon  surface,  f(E)  is  again  slowly  varying  except  at 
very  low  energies  and  with  a  301  decrease  from  100  eV 
to  1.5  keV. 
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Energy  (keV) 


Fig.  5.  Quantum  efficiencies  for  gold,  alunlnun, 
copper,  and  nickel.  Quantun  efficiency  is  defined  as 
the  number  of  electrons  emitted  per  incident  photon. 


Fig.  6.  Energy  dependence  of  f(E)  for  carbon,  AI2O3. 
and  gold. 


Electron  Spectra, 


As  indicated  above,  the  electron  spectrun  is  a 
complicated  function  of  electron  energy,  reflecting  the 
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energy  loss  and  scattering  or  the  initial  electrons 
during  transport  through  the  bulk  material.  Such 
spectra  are  the  subject  of  photoelectron  spectroscopy 
and  are  a  powerful  tool  in  surface  analysis.  However, 
the  electron  energy  distribution  is  also  an  Important 
element  in  modeling  detector  time  ’  ponse. 

As  shown  in  Fig.  2,  the  spect.  '  ’.s  primarily  a 
two  component  system  consisting  of  the  photo  and  Auger 
electrons  and  a  secondary  electron  spectrum  peaked  at  a 
few  eV  with  a  few  eV  half-width.  With  this  type  of 
spectrum,  a  simple  retard ing-potentlal  spectrometerdS) 
can  be  used  to  measure  the  relative  primary  and  second¬ 
ary  contributions. 

In  this  measurement,  a  reverse  bias  is  applied  to 
the  photocathode  and  only  electrons  above  a  critical 
voltage  can  escape  and  contribute  to  the  "high  energy 
yield,"  £  .  Subtracting  the  photocathode  quantim 

efficiencies  measured  under  forward  and  reverse  bias 
conditions  produces  the  "low  energy  yield,"  £  .  The 

ratio  of  the  low  to  high  energy  electron  yield  for  gold 
in  the  1  to  10  keV  photon  energy  range  is  shown  in  Fig. 
7  as  reprinted  from  Gaines,  et  al.(19)  This  level  of 
information  is  sufficient  for  modeling  photodiode  time 
response . 


Energy  (keV) 


Fig.  7.  The  ratio  of  low  energy  (<50  eV)  electron 
yield,  Y^  £  to  high  energy  <>50  eV)  electron  yield, 

Yjj  £  ,  for  a  .194  mg/cm^  gold  foil. (19) 

For  other  applications,  such  as  predicting  streak 
camera  time  response  at  the  few  picosecond  level,  more 
detailed  secondary  electron  energy  distribution  infor¬ 
mation  is  required.  Such  studies  have  been  undertaken 
by  Henke,  et  al.(IV)  using  an  electrostatic  focusing 
electron  spectrometer.  A  sample  of  the  data  for  Au 
excited  by  A1  K  x-rays  is  reprinted  in  Fig.  8.  Hie 
solid  lines  shown  in  this  figure  are  fits  to  Henke's 
semiemperical  model  of  photoyield  and  demonstrate  that 
the  shape  predictions  are  acceptable. 

However,  this  model  predicts  an  absolute  yield 
which  is  a  factor  of  three  too  small  for  the  case  shown 
here.  This  occurs  because  the  model  only  handles 
secondary  electron  scattering  empirically.  The  assump¬ 
tion  is  made  that  the  secondary  electron  distribution 
shape  is  only  slightly  modified  by  secondary  electron 
scattering  while  the  absolute  nunbers  of  secondaries  is 
Increased . 

This  model  has  been  extended  to  insulators  and 
semlconductors(15)  where  the  presence  of  a  band  gap 
restricts  the  phase-space  for  electron  scattering.  The 
case  of  insulators  is  particularly  interesting  because 
small  energy  loss  electron-phonon  scattering  and/or 
density  of  states  distributions  generate  structures  in 
the  secondary  electron  energy  distribution.  A  guide  to 
these  and  additional  electron  distribution  measurements 
is  contained  in  Table  II  of  the  Appendix. 


C.  Angular  Distributions,  d^M/dOd» 

The  electron  emission  process  is  dependent  upon 
both  the  photon  angle  of  incidence  relative  to  the 
cathode  surface,  o,  and  on  the  angle,  at  which  the 
electrons  are  emitted  relative  to  the  cathode  surface. 
These  distributions  are  important  since  angle  of 
incidence  is  frequently  used  to  reduce  the  incident 
x-ray  flux  by  going  to  grazing  angle  or  to  enhance 
electron  emission(20) . 


Al-K  (1487  aV)  ON  GOLD 


Fig.  8.  Secondary  electron  distribution  from  gold  at 
105°C  in  a  3  X  lO"®  Torr  vacuum.  The  lower  curve  is 
the  distribution  as  measured  by  the  spectrograph  of 
Henke(14)  and  the  upper  curve  has  been  corrected  for 
the  instriment  response  and  is  the  electron  distri¬ 
bution  at  the  photocathode  surface.  The  solid  line  is 
a  fit  to  Henke's  semlempirlcal  model. 

The  standard  technique  for  measuring  quantm 
efficiency  vs  photon  incidence  angle  is  reported  by 
Gaines  and  Hansen(19).  In  this  experiment,  a  simple 
parameter  such  as  total  yield  or  primary  to  secondary 
electron  ratio  is  monitored  as  a  function  of  photon 
angle  of  incidence.  For  angles  greater  than  a  few 
degrees,  quantun  efficiency  decreases  as  VsinO  due  to 
decreased  photon  deposition  within  a  secondary  electron 
escape  depth  as  reported  by  both  Gaines  and  Hansen(20) 
and  by  Ganeev  and  Izr8ilev(21), 

An  enhanced  "no  loss"  primary  photoelectron  yield 
is  seen  for  photon  incidence  angles  just  above  the 
critical  angle  for  total  x-ray  reflcction(20) .  This 
effect  is  due  to  Increased  photon  deposition  within  a 
primary  photoelectron  escape  depth  of  the  cathode 
surface  when  the  photons  are  refracted  nearly  parallel 
to  the  photocathode  surface.  This  effect  will  decrease 
the  time  response  of  a  photodiode  detector  due  to  a 
decrease  in  the  electron  flight  time  across  the 
anode-cathode  spacing. 

The  more  complicated  measurement  of  electron 
emission  versus  4  is  much  less  commonly  reported. 
Henke's  model  of  secondary  yield  predicts  a  Lambertian, 
sinO,  dependence  to  the  secondary  emission  resulting 
from  Isotropy  of  the  secondary  distribution  below  the 
photocathode  surface.  This  assixnptlon,  however,  is  not 
valid  for  all  primary  electrons  and  data  from  Pernstein 
and  S>nith(18)  and  Faird  and  Fadley(?2)  contain  such 
results . 

Angular  distribution  photoemission  data  is  summa¬ 
rized  in  Table  III  of  the  Appendix.  It  is  compiled  by 
element  and  angle  of  incidence  or  emission. 

D.  Enhanced  Photoemission 

Studies  of  total  yleld(23-26)  and  secondary 
electron  distributlondk)  have  indicated  that  certain 
alkali  halides,  iodides,  and  semicondcutors  exhibit 
enhanced  secondary  electron  emission  under  x-ray 
excitation.  A  comparison  of  Csl  data  with  Au  is  shown 
in  Fig.  9,  Over  most  of  the  energy  range  from  1  to  10 
keV,  Csl  shows  an  enhanced  photoemission  by  a  factor  of 
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30.  ttila  allows  significant  latitude  in  designing 
systems  with  greater  low  flux  sensitivity. 
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Fig.  9.  A  comparison  of  quantvm  efficiency  for  gold 
and  cesium  iodide  photocathodes. 

This  effect  for  dielectrics  can  be  understood 
qualitatively  by  noting  the  Increased  scattering  length 
for  low  energy  electrons  below  the  ferml  level.  This 
allows  electrons  to  be  collected  from  deeper  within  the 
cathode  resulting  in  higher  electron  yield. 

This  enhancement  does  not  come  without  penalty, 
however.  First,  the  alkali  iodides  are  deliquescent 
and  care  must  be  taken  to  maintain  them  in  a 
water-vapor  free  environment.  He  know  that  heat 
sealing  Csl  photocathodes  in  plastic  bags  filled  with 
dry  nitrogen  and  storing  them  in  a  dessicator  will 
induce  no  apparent  degradation  in  cathode  appearance 
far  as  long  as  six  months.  However,  exposure  of  these 
cathodes  to  air  at  20  to  25<  relative  humidity  for  more 
than  a  few  hours  impairs  performance. 

Second,  the  time  response  of  these  cathodes  may  be 
less  rapid.  The  emission  process  seems  to  have  a 
slower  component  at  the  level  of  a  few  percent  of  the 
main  emission  which  persists  for  approximately  100 
plco3econds(27 ) .  Furthermore,  effects  caused  by  large 
photaemissive  currents  and  the  finite  cathode  material 
resistivity  may  cause  time  dependent  sensitivity.  At 
present,  these  materials  show  promise  as  useful 
photaemissive  cathodes  but  care  should  be  taken  to 
carefully  characterize  their  energy  and  time  response 
until  further  study  answers  some  of  these  outstanding 
concerns. 

Another  class  of  enhanced  photaemissive  materials 
based  upon  gallium-arsenide  and  galllum-arsenic- 
phosphide  has  been  reported  by  Bardas  et  al.(28). 

These  materials  show  quantim  efficiencies  of  100  at  2 
keV  x-ray  energy.  Of  even  greater  Interest,  is  the 
linear  increase  of  quantim  efficiency  with  x-ray 
energy.  However,  these  materials  are  very  sensitive  to 
vacuun  contaminants  and  are  generally  used  at  less  than 
1O”*0  torr.  This  greatly  limits  their  practical 
application. 

PHOTOCATHODE  AGING  EFFECTS 

Aging  effects  similar  to  those  seen  on  alkali 
iodide  cathodes  are  also  present  on  any  metallic 


surface.  Photoelectric  emission  is  a  surface  physics 
effect  and  any  change  in  the  surface  composition  or 
structure  will  appear  as  a  change  in  the  secondary 
electron  yield.  Some  discussion  of  long  term  aging  is 
available  in  the  literature(25,29) ,  but  historically, 
most  photocathodes  have  been  utilized  in  sealed  vacuum 
environments  where  aging  effects  are  minimal. 

Experience  at  the  Los  Alamos  National  Laboratory, 
LANL,  indicates  that  with  care,  photocathodes  can  be 
used  for  extended  periods  of  time  in  the  laser  fusion 
experimental  environment  as  subkilovolt,  x-ray 
transducers  without  large,  >1S1t,  changes  in  system 
calibration.  Photocathode  surface  preparation  is 
important  to  achieve  this  level  of  stability.  Figure 
10  is  a  long  term  aging  study  of  micromachined  alunintm 
cathodes.  It  shows  that  for  this  type  of  surface 
quantim  efficiency  changes  of  less  than  lOV  are 
possible  over  six  months  exposure  to  sir.  These 
cathodes  are  used  in  the  LANL  low  energy  x-ray 
spectrometer  at  the  HELIOS  laser  facility.  They  are 
used  behind  replaceable  filter  windows  and  are  exposed 
to  the  laser  chamber  vacuum  on  each  shot.  Between 
shots,  the  diodes  are  housed  in  a  selfcontai ned  ion 
pumped  vacuum  system.  Several  aging  and  use  studies  at 
LANL  Indicate  that  an  absolute  calibration  of  better 
than  ±15%  can  be  maintained  over  four  months  in  the 
operational  environment. 


Fig.  10.  A  before  and  after  comparison  of  cathode 
quantim  efficiency  for  micromachined  aluminum.  The  two 
calibrations  are  separated  by  six  months  storage  in 
air. 

Less  stringent  manufacturing  and  handling 
precautions  can  have  a  very  damaging  effect  on  absolute 
photocathode  sensitivity  as  shown  in  Fig.  11.  This 
before  and  after  comparison  is  described  in  detail  by 
Day,  et  al.(25)  and  includes  a  one  month  use  on  the 
LANL  GEMINI  laser  facility  during  which  time  the 
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cathodes  were  conlntuaXly  exposed  to  the  target  chamber 
vacuum. 
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Fig.  11.  The  quantum  efficiency  of  gold,  aluninum, 
carbon,  and  abraded  and  unabraded  vitreous  carbon.  The 
cathodes  were  stored  in  air  for  six  months  and  used  in 
the  LANL  GEMINI  laser  facility  between  calibrations. 

The  aging  effects  for  these  samples  can  exceed 
plus  or  minus  a  factor  of  two.  Obviously,  significant 
care  must  be  taken  in  handling  photocathodes  for 
windowless  detector  applications.  The  procedure  we 
have  adopted  to  use  windowless  detectors(25)  is  to 
establish  a  reproducible  photocathode  manufacturing 
process  and  to  replace  and  recalibrate  photocathodes 
frequently,  every  few  weeks. 

APPLICATIONS 

The  primary  purpose  of  this  paper  has  been  to 
discuss  the  status  of  photoelectric  emission  measure¬ 
ments  as  they  apply  to  subkilovolt  x-ray  diagnostics. 
The  topic  of  this  section  will  be  the  practical  appli¬ 
cation  of  photoemission  measurements  in  an  absolutely 
calibrated  time  resolved  x-ray  spectrometer  for  laser 
fusion  plasma  diagnostics. 

The  detectors  are  simple  biplanar  x-ray  sensitiv¬ 
ity  photodiodes,  XRD’s,  in  a  seven  element  array 
covering  the  spectral  range  from  ?0  eV  to  2  keV  with 
low  resolving  power,  E/aE  =  1-9.  The  detector  system's 
acronym  is  MULTIPLEX  for  multiple  fast  low  energy  x-ray 
detector.  XRD's  are  simple  detectors  consisting  of  an 
x-ray  cathode  and  anode  mesh.  The  photoelectric 
current  resulting  from  x-rays  impinging  on  the  photo¬ 
cathode  is  the  detector  signal. 


The  energy  dependent  response  of  the  system  is 
determined  by  the  energy  dependent  sensitivity  of  the 
photocathode  convolved  with  the  filter  window 
transmission.  The  sensitivity  of  four  typical  channels 
is  shown  in  Fig.  12. 


Photon  Enaray  (kaVt 


Fig.  12.  Typical  MULTIPLEX  response  functions. 

Channel  3  -  bare  photocathode  plus  three  layers  of  Ni 
mesh . 

Channel  7-70  pg/cm^  of  polyropylene  plus  three  layers 
of  Ni  mesh. 

Channel  6  -  7600  A  of  Aluninum  plus  three  layers  of  MI 
mesh. 

Channel  2  -  272  ug/cm^  Klmfoil  pluss  WOO  A  of  aluninum. 

The  risetime  of  the  detector  is  determined  by  the 
photoelectron  flight  time  across  the  anode-cathode  gap; 
while  the  decay-time  is  given  by  the  decay-time  of  the 
anode-cathode  gap  capacitance  into  the  characteristic 
impedance  of  the  signal  line.  The  detectors  we  have 
built  for  MULTIPLEX  have  a  full-width-at-half-maximun, 
FWHM,  time  response  of  75  ps;  which  is  more  than  ade¬ 
quate  to  measure  the  1  ns  x-ray  pulses  from  CO2  laser 
plasmas. 

The  data  consists  of  seven  oscilloscope  traces 
showing  detector  currents  versus  time,  all  common  timed 
to  ±50  ps.  These  currents  are  sampled  at  lOP  ps  time 
intervals  and  used  as  inputs  to  a  deconvolution  code. 
This  code  accepts  the  absolutely  calibrated  detector 
response  curves,  the  set  of  seven  detector  currents, 
and  iteratively  minimizes  the  difference  between  the 
most  recent  spectrun  and  the  observed  currents.  A 
typical  time  resolved  spectra  for  a  glass  microballoon 
Irradiated  by  P.2  TW  of  CO2  laser  light  is  shown  in 

Fig.  13. 

SUMMARY 

The  MULTIFLEX  system  is  one  of  several  detectors 
we  will  hear  about  in  this  conference,  which  utilizes 
photoelectric  emission  in  the  detection  of  soft 
x-radiation.  Photoelectric  emission  is  a  complicated 
spatial,  energy,  angular,  and  temporally  dependent 
process  and  our  empirical  and  theoretical  understanding 
is  not  sufficient  to  model  all  potential  device  per¬ 
formance  criteria. 

In  this  paper,  the  most  important  parameters  which 
arc  used  to  describe  photoemission  have  been  discussed 
and  it  was  indicated  how  they  affect  detector  system 
performance.  An  outline  of  the  measurement  techniques 
has  been  provided  and  typical  data  was  shown  in  com¬ 
parison  with  available  models.  The  Appendix  provides  a 
guide  to  the  literature  where  the  interested  reader  can 
go  for  data  and  details  of  the  measurements.  Rioto- 
emlsslon  studies  have  played  a  vital  role  in  the  devel¬ 
opment  of  modern  physics  and  the  detailed  study  of  this 
process  will  continue  to  be  important  in  our  pulsed 
plasma  diagnostic  Instrunentatlon. 
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Fig.  13.  Time  resolved  x-ray  spectra  from  a  gold 
coated  nickel  microballoon  irradiated  with  8.2  TW  of 
10.6  urn  CO2  laser  light. 
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APPENDIX 

The  Appendix  consists  of  four  major  components:  1) 
a  master  list  of  most  references  on  photoemission  data 
above  10  eV  in  aphabetlcal  order  by  author;  2)  a  table 
of  availalbe  quantum  efficiency  data  listed  by  element 
or  compound  and  incident  photon  energy;  3)  a  table  of 
electron  energy  distribution  data  by  element  and  4)  a 
table  of  electron  and  photon  angular  distribution  data 
by  element  and  angle  of  incidence  or  emission. 

In  the  tables  the  reference  nimbers  refer  to  the 
master  reference  list.  In  Tables  I  and  II,  the  numbers 
in  parenthesis  following  the  reference  nimber  refer  to 
the  exciting  photon  energy  in  eV  unless  the  photon 
energy  is  marked  in  other  units.  In  Table  I,  a  "P" 
following  the  reference  number  Indicates  a  measurement 
of  primary  photoelectron, quantum  efficiency,  and  in 
Table  II,  an  asterisk,  "  "  preceding  a  reference  number 
indicates  an  unusual  broad-band  x-ray  source.  In  Table 
III,  the  numbers  in  parenthesis  are  angles  in  degress. 
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Table  I 

Quantum  Efficiencies 


This  table  of  elements  and  compounds  lists  measurements  of  photoelectric  quantum  efficiency  for  each 
element.  The  entries  refer  to  reference  numbers  in  the  master  reference  list  at  the  beginning  of  the 
Appenidx  and  the  nvasbers  in  parrenthesis  give  the  energy  range  of  the  emasurement  in  eV,  A  "P"  following 
a  reference  number  indicates  that  only  primary  photoelectron  emission  was  measured. 


Acetone 

19(8-12) 

Arrodag 

7(1-6  keV),  7P(1-6  keV) 

Ag 

85(6-30),  12(10-62),  89(12-25),  61(9-5).  28(30-90  keV),  95(.5-30  keV) .  23P(1.2-3.3 
keV),  25(9-8  keV),  7(1-6  keV),  7P(1-6  keV),  28P(30-90  keV),  20(6-100  keV) 

AgCl 

31(6-10) 

Agl 

72(5-11),  31(6-10) 

A1 

83(7-27).  85(7-27),  19(0.01-10  keV),  32(100-1000),  21(1200-8000),  53P(1.7-8  keV), 
65(21-298),  75(0.1-10  keV) ,  15(0.01-10  keV) ,  11(0.01-1.5  keV),  61(9-5),  28(30-80  keV), 
70(8000),  22(6-12),  95(9-30  keV),  62(8000).  12(10-62),  68(91-129),  60(7-12), 
23P(1.2-3.3  keV),  25(9-8  keV),  7(1-6  keV),  7P(1-6  keV),  28P(3080),  70P(8000), 
62P(8000),  67(10-91).  20(10-60  keV),  69(109,  185,  289,  399,  525),  21P (1 200-8000 ) , 

91P(  150-01500) 

Al-Hg 

12(12-31) 

AI2O3 

57(8-21),  69(10-65),  63(20-250),  28P(30-75  keV),  7(1-6  keV),  7P(1-6  keV),  32(100-1000) 

Ar 

66(19-31) 

Au 

85(8-27)  12(10-62),  29(1.5-8  keV),  21(1200-8000),  99(109-525),  53P(1.7-8  keV), 
65(21-298),  66(10-31),  89(12-25),  15(0.01-10  keV),  76(10-91),  28(30-90  keW),  70(6000), 
62(8000),  68(91-129),  60(7-12),  23P(1.2-3.3).  39  (.5-8  keV),  39P(.5-8  keV),  7(1-7 
keV),  7P(1-7  keV),  32(100-1000),  28P(30-90  keV),  70P(8000),  62P(8000),  13(21), 
20(10-100  keV),  91(0,1-10  keV),  91P(150-1500),  21P( 1200-8000) 

Ba 

61(2-9) 

BaO 

61(2-9) 

Be 

92(8-17),  12(10-62),  51(100-500) 

BeO 

99(109-525),  9(110-190).  68(91-129) 

BeSlOj 

9(110-190) 

Be(0H)2 

9(110-190) 

BeS04.9H20 

9(110-1-t0) 

Be3(P0^)2 

9(110-190) 

Bi 

85(8-27),  70(8000),  62(8000).  70P(8000).  62P(8000) 

C 

15(0.01-10  keV),  23P(1.2-3.3  keV) 

CS2 

19(8-12) 

Ca 

61(3-5) 
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CaF2 

Ce 

Cd 

CdS 

CONSTANT AN 
CORTEX-D  GLASS 
Cr 

CsBi 

CsBr 

CsCl 

CsF 

Csl 

[Cs](NaK)3Sb 

CSjSb 

Cs-Bi 

Cs-Cj  0-Ag 
Cs-Sb 
CsTe 
C3  2Te 
Cu 

Cu-Cal 

Cul 

ETHELENE  OXIDE 
ETHYL  SULFIDE 
Fe 

GaAsi-Cs 

Gaks-Cs*02 

GaAS 

GLASS 

In 

InAsP 

K 

K2BeF^ 

KBr 

KCl 

KF 


21(1200-9000),  51(100-500).  71(8000).  71P(8000),  21P( 1200-9000) 

61(3-5) 

85(8-27).  2(U-12).  61(4-5) 

74(7-25) 

46(10-20) 

61(3-5) 

15(0.01-10  keV),  70(8000),  45(5-30  keV),  62(8000),  62P(8000),  70P(8000) 

30  (  2-3.5),  27(1.5-3) 

19(5-12),  78(7-11),  52(12-22) 

21(1200-9000),  78(7-11),  52(12-22),  70(8000),  70P(8000),  2 1 P ( 1 200-9000 ) 

52(12-22) 

19(5-12),  17(5-12),  32(100-1000).  21(1200-9000),  49(109-750),  50(1-8  keV)  78(6-11 
52(12-22),  65(21-248),  5(6-60  keV),  15(1-10  keV),  39(100-1000),  39(25-310) 
31(6-11),  70(8000),  68(41-124),  70P(8000).  41(0.1-10  keV),  41P( 150-1500) 

2 IP (1200-9000) 

73(1.3-4.3) 

1(1-6),  74(2-12).  73(1.6-4) 

30(1.8-3) 

27(1.4-3) 

19(4-12),  30(2-3.5),  27(1.5-3.0) 

19(3.5-6),  30(2-3,5) 

79(1.5-6) 

21(1200-8000).  84(9-31).  11(0.1-1.5  keV).  61(4-5),  28(30-90  keV) ,  45(.5-30  keV), 
62(8000),  62P(8000),  28P(30-90  keV),  12(12-31).  17(4-11),  12(12-21),  17(4-11), 
15(0,1-10  keV),  21P( 1200-9000) 

17(4-11) 

19(5-12),  47(7-25).  65(21-248).  72(5-11).  41(0.1-10  keV),  41P(150-1500) 

19(8-12) 

19(8-12) 

12(10-62),  11(0.1-10  keV),  70(8000),  70P(8000), 

74(2-12) 

80(0.5-4  keV) 

47(7-25),  74(1-12) 

7(1-6  keV),  7P(1-6  keV) 

85(8-27),  12(10-62) 

74(1-12) 

16(2-6),  27(1.5-3.0) 

9(110-140) 

19(5-12),  18(8-22),  78(8-11),  52(12-22),  70(8000),  21(1200-9000).  70P(8000) 

2  IP (1200-9000) 

18(8-22),  21(1200-9000),  49(109-750).  78(8-11).  31(8-12),  52(12-22),  70(8000). 
71(8000),  68(41-124),  70P(8000),  71P(8000).  26(5-9  keV) ,  21P( 1200-9000) 

18(8-22),  78(10.5-11),  52(12-22) 


KI 
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KSb 

KjSb 

Kr 

LlBr 

Li  Cl 

LiF 

Lil 

LiSb 

Mg 

MgF2 

Mo 

MYLAR 

N2 

Na 

NaBr 

NaCl 

Na2BeF4 

NaF 

Nal 

NaSALICYLATE 

NaSb 

NajSb 

NaKSb 

(NaKljSb 

NO 

Ne 

Hi 

O2 

Pb 

Pd 

Pt 

RbBl 

RbBr 

RbCl 

RbF 

Rbl 

RbSb 


18(8-22),  21(1200-9000),  78(2-12),  31(7-11),  52(12-22),  2 IP (1200-9000) 

55(2-6) 

73(1. 8-4. 6) 

66(14-31 ) 

18(8-22),  52(12-22) 

18(8-22),  52(12-22),  21P( 1200-9000) 

18(8-22),  21(1200-9000),  51(100-500).  49(109-750),  58(10-24),  31(7-17),  52(12-22), 
68(41-124) 

18(8-22),  78(6-10),  52(12-22) 

55(2-6) 

46(10-20),  61(3-5) 

13(10-25),  49(109-750),  71(8000),  68(41-124),  71P(8000) 

12(10-62),  45(.5-30  kev),  84(9-25) 

7(1-6  keV),  7P(1-6  keV) 

81(15-25) 

16(2-6) 

18(8-22),  50(1-8  keV),  52(12-22) 

18(8-22),  21(1200-9000),  51(100-500),  31(8-12)  70(8000),  71(8000),  70P(8000), 
71P(8000),  52(12-22),  2 IP (1200-9000) 

9(110-140) 

18(8-22),  21(1200-9000),  51(100-500),  52(12-22) 

18(8-22),  78(7-11),  52(12-22) 

66(10-31) 

55(2-6) 

73(2.4-4.8) 

55(2-6) 

73(1.4-4.6) 

19(8-12) 

66(14-31) 

46(10-20),  43(5-25),  12(10-40),  51(100-500),  84(9-31),  15(0.01-10  keV),  68(41-124), 
20(10-100  keV) 

81(12-25) 

12(10-62),  21(1200-8000),  70(8000),  70P(8000),  62(8000),  62P(8000),  21P( 1200-9000) 
84(12-25) 

43(5-25),  12(10-62),  18(10-22),  50(1-8  keV),  81(12-25),  84(9-31),  76(10-41), 
52(12-20),  45(5-30  keV) 

30(2-3.5) 

52(12-22) 

21(1200-9000),  52(12-22),  2 IP (1200-9000) 

52(12-22) 

19(5-12),  78(7-11),  52(12-22) 


RbTe 


30(2-3.5) 

19(4-8).  30(2-3.5) 
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RbjSb  73(1.6-4) 

(Rb)(HaK3)Sb  73(1.4-3.5) 

Sc  15(0.01-10  keV) 

SARAH  7(1-6  keV),  7P(1-6  keV) 

SI  47(7-25),  7(1-6  keV),  7P(1-6  keV) 

Sn  83(7.5-27).  85(8-27),  12(10-62),  21(1200-8000),  70(8000),  70P(8000),  62(8000), 

62P(8000),  20(10-100  keV).  2 IP (1200-9000) 

SrF^  19(4-12),  21(1200-9000).  51(100-500).  49(109-750),  50(1-8  keV),  68(41-124), 

21P(1200-9000) 

Ta  19(4-6).  12(10-62),  81(12-25).  61(4-5).  45(.5-30  keV),  12(10-62),  25(4-8  keV), 

20(10-100  keV) 

Te  21(1200-8000),  79(1.5-6).  62(8000).  62P(8000) 

T1  12(10-62),  21(1200-8000).  50(1-8  keV).  11(0.1-1.5  keV).  61(4-5),  70(8000),  7(1-6  keV). 

7P(1-6  keV),  70P{8000),  45(.5-30  keV),  21P( 1200-9000) 

Th  61(3-5) 

W  46(10-20),  19(4-12),  12(10-41),  43(5-25),  51(100-500),  50(1-8  keV),  63(20-250), 

84(12-25),  61(4-5),  45(5-30  keV).  47(7-25).  25(4-8  keV) 

W-0  46(10-20) 

U  61(4-5) 

Xe  66(14-31) 

Zn  61(4-5).  12(10-41) 

Zr  61(4-5) 


Table  II 

Electron  Energy  Distribution 


Thla  table  of  elementa  and  compounds  lists  measurements  of  electron  energy  distrlbitions.  The  entries 
refer  to  reference  numbers  In  the  master  list  at  the  beginning  of  the  Appendix  and  the  numbers  in 
parenthesis  give  the  energies  of  the  measurement.  Reference  6  is  indicated  by  a  to  indicate  the 
measurements  were  made  with  an  unusual  broadband  x-ray  source. 


Ag 

•6(.5-3  keV),  8(30-100  keV) 

A1 

56(1-24),  65(277),  •6(.5-  3  keV).  65(277).  35(277.  1487, 
keV),  22(9.7,  10.2,  11,2,  11.5),  41(277,  8048) 

8048),  10(8-50  keV).  8(15-100 

AI2O3 

•6 (.5-3  keV) 

AgCl 

40(1487),  38(1487) 

Au 

65(277),  39(277.  8048),  83(10.2.  14.9,  17.6),  82(10,  15. 
38(1487).  •6(.5-3  keV),  37(1487),  36(277,  1487).  35(277. 
40(1487),  41(277,  8000),  32(1487) 

18).  54(1.5,  4.5.  8  keV). 
1487,  8048),  24(8  keV) , 

C 

•6(.5-3  keV),  8(15-100  keV) 

C22H10N2O5 

•6(.5-2.2  keV) 

(klS 

40(1487).  38(1487) 

Csl 

17(4.5-10.2),  40(1486),  65(277).  39(277,  8048),  38(1487) 
47(7.1,  7.88,  10.2,  11.6,  13.3.  18.6),  41(277,  800) 

,  37(1487).  65(277).  32(1487), 

C8  2Te 

79(6.7,  6.19,  5,38,  4.89) 

Cs-Sb 

48(2.1,  8.5) 

CsjSb 

Cu 

Cul 

GaAsP 

Ge 

K 

KBr 

KCl 

KI 

Kr 

LiBr 

Li  Cl 

LiF 

HgO 

Ho 

Na 

Ha  Cl 

Nal 

Ne 

Pblj 

PbS 

RbBr 

RbCl 

RbF 

Rbl 

Se 

SrF2 

Ta 

Ti02 

W 

Xe 


5 

1(6.7,  5.8.  it.7,  ii.S.  R.O) 

10(14-50  keV) 

40(1487),  65(277).  39(277  ,  8048).  38(1487).  37(1487),  65(277).  32(1487),  41(277  .  8000) 
4(.85.  1.25.  1.49,  2.17,  2.98  keV) 

40(1487).  82(10,  18).  54(1.5.  4.5.  8  keV).  38(1487) 

16(3.39,  3.96,  4.89,  6.71) 

40(1487).  38(1487) 

40(1487).  59(12-19).  38(1487).  37(1487) 

40(1487).  38(1487).  37(1487) 

66(13) 

87(5-30) 

59(17-23) 

58(13-27).  38(1487).  40(1487) 

71(8000) 

10(14-50  keV) 

16(4-. 6. 7) 

40(1487),  59(14-21).  38(1487).  71(8000) 

40(1487).  38(1487) 

66(5.3) 

40(1487).  38(1487) 

40(1487).  38(1487) 

40(1487).  44(12-16).  38(12-21) 

44(13-23) 

44(16-27) 

40(1487).  38(1487),  44.12-21) 

40(1487),  38(1487) 

71(8000) 

10(14-50  keV),  8(15-100  keV) 

77(21.2) 

43(7.71) 

66(15) 

Table  III 

^  Angular  Diatrlbution 


This  table  of  elements  and  compounds  lists  measurements  of  photoemission  angular  dependence.  The  entries 
refer  to  reference  numbers  in  the  master  reference  list  at  the  beginning  of  the  Appendix.  The  numbers  in 
parenthesis  refer  to  the  angles  at  which  measurements  were  made. 


Ag  25(15°,  35°.  45°,  60°) 

A1  67(0°-90°),  68(0°-40°).  69(0°-40°),  25(15°.  35°.  45°, 60°),  8(0°-80°) 

24(30°,  45°  60°.  75°.  90°),  68(0°-40°).  34(0°-6°),  6(0°,  60°.  90°.  180°),  76(0°.  45°. 
70°),  20(30°,  60°,  90°) 


Au 
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TIME-RESOLVFD  X-BAY  DIAGNOSTICS 
f.  B.  Lyons 

Los  Alamos  National  Laboratory,  P.  0.  Box  1663,  HS  910,  Los  Alamos,  NM  87595 

ABSTRACT 

Techniques  for  time-resolved  x-ray  diagnostics  will  be  reviewed  with  emphasis  on  systems 
utilizing  x-ray  diodes  or  scintillators.  System  design  concerns  for  high-bandwidth  (>1  GHz) 
diagnostics  will  be  emphasized.  The  limitations  of  a  coaxial  cable  system  and  a  technique  for 
equalizing  to  Improve  bandwidth  of  such  a  system  will  be  reviewed.  Characteristics  of  new 
multi-GHz  amplifiers  will  be  presented.  An  example  of  a  complete  operational  system  on  the  Los 
Alamos  Helios  laser  will  be  presented  which  has  a  bandwidth  near  3  GHz  over  38  m  of  coax.  The 
system  includes  the  cable,  an  amplifier,  an  oscilloscope,  and  a  digital  camera  readout. 


Nanosecond  and  sub-ns  time  resolution  of  low 
energy  x  rays  may  be  achieved  with  at  least  three  types 
of  diagnostic  systems.  Photoelectric  x-ray  diodes  or 
scintillators  and  optical  detectors  provide  electrical 
signals  for  electronic  recording  and  processing.  The 
photoelectric  process  may  also  be  used  to  provide  a 
source  of  electrons  for  deflection  in  a  streak  tube.d) 

The  first  two  types  of  diagnostic  systems  will  be 
discussed  in  this  paper.  The  paper  is  organized  in 
sections  that  highlight  specific  sub-systems:  the 
detector,  the  cable  transmission  system,  the  data 
recorder,  supporting  instrixnentation ,  and  system  con¬ 
siderations.  Examples  will  be  drawn  from  experiences 
at  the  Los  Alamos  National  Laboratory  with  the  large 
CO2  laser  systems  (primarily  the  Hellos  system).  The 
final  section  reviews  the  parameters  of  an  operational 
system  at  the  Helios  facility  which  is  providing  a  3 
GHz  bandwidth  over  38  m  of  coax. 

X-RAY  DETECTOR 

X-ray  photoelectric  diodes  provide  a  very  simple 
and,  potentially,  very  high  speed,  detector  for  low 
energy  x  rays.  The  letector  relies  on  x-ray  inter¬ 
action  in  an  x-ray  ph.^tocathode  with  subsequent  release 
of  photoelectrons,  Auge*  electrons,  and  secondary  elec¬ 
trons  from  the  material  surface. 

The  sensitivity  of  the  detector  is  approximately 
proportional  to  the  x-ray  attenuation  coefficient  and 
demonstrates  increased  sensitivity  in  spectral  regions 
(above  x  ray  edges)  with  Increased  attenuation.  The 
detector  current  is  dominated  by  secondary  electrons 
and  is  thus  very  sensitive  to  surface  conditions. 
Surface  conditions  are,  in  turn,  strongly  influenced  by 
the  techniques  used  to  prepare  and  store  the  photo¬ 
cathode.  These  concerns,  as  well  as  detailed  sensitiv¬ 
ity  data,  are  available  in  published  literature. (2-3) 

The  time  response  of  an  x-ray  diode  is  governed  by 
simple  considerations.  The  detector  geometry  resembles 
a  parallel  electrode  configuration.  The  response  in 
six:h  a  geometry  is  simply  calculated . (9)  The  rise  time 
is  given  by  the  time  for  electrons  to  traverse  the 
anode-cathode  gap.  The  fall  time  is  given  by  the  RC 
time  constant.  The  transition  between  the  diode  and 
the  transmission  line  must  be  carefully  engineered  to 
minimize  reflections.  A  poor  transition  can  completely 
dominate  the  excellent  time  response  possible  with  an 
optimized  diode  geometry.  Rise  and  fall  times  below  50 
ps  have  been  demonstrated  in  an  x-ray  diode. (5)  A  FKHW 
for  such  a  diode  below  50  ps  should  be  achievable. 

Scintillators  are  also  useful  for  low  energy  x-ray 
detection. (6)  In  a  scintillator,  the  energy  of  in¬ 
cident  X  rays  is  transferred  to  excitation  of  the 
solvent  (base  plastic)  molecules  with  subsequent  trans¬ 
fer  to  other  scintillating  molecular  species.  The  time 
response  is  dominated  by  the  inter-molecular  transfer 
times  and  the  decay  time  of  the  final  scintillator 
molecule.  Standard  commercial  scintillators  provide 
time  response  as  short  as  1,3  ns(7)  and  special 
scintillators  provide  time  response  below  200  ps  with 
reduced  light  output. (8) 

The  choice  between  x-ray  diodes  and  scintillators 
depends  on  several  factors.  The  diodes  will  provide  a 
faster  system  but  require  considerable  care  in  surface 


preparation  and  protection  for  accurate  measurements. 

A  good  vacuum,  below  at  least  IO”®  Torr,  is  essential 
for  operation.  Gain  is  achieved  only  with  electronic 
amplification.  The  scintillators  are  less  sensitive  to 
vacutn  requirements  and  care  in  storage  but  require 
that  the  photodetector  be  shielded  from  all  extraneous 
sources  of  visible  light.  Gain  is  easily  achieved  if 
needed  with  photomuli pliers  (PHT),  but  the  PHT  may  be 
susceptible  to  high  energy  background  photons  in  the 
same  environment. 

In  Fig.  1  a  sensitivity  comparison  between  HE111 
plastic  and  a  windowless  A1  x-ray  diode  is  given.  The 
plastic  is  assumed  to  be  coupled  to  a  photodiode  with  a 
typical  S-20  surface.  At  lower  energies,  the  x-ray 
diode  sensitivity  is  superior.  Some  x-ray  diode 
surfaces  show  sensitivity  well  above  the  A1  diode. (2) 


Fig.  1.  Comparison  of  representative  A1  x-ray  diode^ 
and  scintillator®  sensitivity  for  low  x-ray  energies. 

The  scintillation  must  be  measured  with  some  type 
of  photosensitive  detector.  This  detector  can  be  a 
simple  blplanar  photodiode  or  a  photomultiplier  (PUT) 
with  significant  gain.  Several  types  of  PHTs  with 
sub-ns  response  are  available. (9)  The  fastest  suitable 
PHTs  commercially  available  utilize  a  mlcrochannel 
plate  (HCP)  as  the  gain  stage  and  provide  a  FWHH  of  200 
ps.  Blplanar  diodes  are  available  with  FVHH  of  100  ps, 
but  do  not  provide  gain.  Faster  solid  state  devices  do 
exist,  but  their  very  limited  detection  areas  are  not 
usually  compatible  with  scintillators.  When  a  PHT  is 
used,  attention  must  be  given  to  limitations  on  peak 
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linear  charge  and/or  current  output  capability  of  the 
unit.  Hoat  PHTa  have  definite  linita  on  theae  output 
valuea  tvhich  are  largely  independent  of  PMT  gain. 
Operation  of  a  PHT  at  high  gain  can  reatrict  the  dy¬ 
namic  range  of  the  inatrment  to  a  very  amall  value. 

For  moat  applicationa,  galna  of  10‘*-105  are  optimum. 

Either  aclntillator  or  x-ray  diode  ayatema  can 
provide  aenaitivity  in  aelected  x-ray  spectral  regions. 
The  x-ray  diodes  show  a  rapid  variation  of  aenaitivity 
with  x-ray  energy  and  demonstrate  significant  changes 
in  sensitivity  near  x-ray  edges  of  the  cathode 
material  (cf  Fig  1).  Scintillator  sensitivity  can  be 
varied  by  changing  the  thickness  of  the  scintillator, 
thereby  altering  the  sensitivity  at  high  energies.  Ihe 
system  sensitivity  can  be  further  defined  through  the 
use  of: 

a)  x-ray  reflectors  -  providing  reflection  only 
below  a  critical  energy. 

b)  x-ray  filters  -  providing  transmission  as  a 
function  of  the  material  attenuation 
properties.  The  use  of  x-ray  edges  can 
provide  considerable  spectral  resolution. 

c)  x-ray  fluorescers  -  providing  (Ideally) 
sensitivity  only  for  x-ray  energies  exceeding 
the  x-ray  edge  of  the  fluorescer. 

d)  Bragg  reflectors  -  providing  reflection  only 
when  the  Bragg  conditions  are  satisfied. 

e)  grazing  incidence  gratings  -  providing 
reflection  when  the  grating  equations  are 
satisfied. 

Low  energy  x-ray  systems  frequently  require  the 
use  of  very  thin  foils.  Such  foils  can  be  rolled, 
stretched,  or  vacuum  deposited  depending  on  the 
particular  material. 

Many  low-resolution  systems  use  either  a  filtered 
diode  or  a  filter-fluorescer  geometry.  Figure  2  pro¬ 
vides  an  example  of  filter-fluorescer  system  sensitiv¬ 
ity  for  a  detection  channel  intended  for  temperatures 
near  1  keV.  The  system  consists  of  a  Ni  pre-filter  and 
a  Ti  fluorescer  in  the  x-ray  beam  with  a  Ti  post-filter 
and  A1  diode  at  90°.  This  figure  shows  the  variation 
in  channel  response  vs  x-ray  energy  as  additional 
elements  of  the  channel  are  included.  Filter- 
fluorescer  systems  are  much  less  sensitive  than 
filtered  diode  systems.  For  many  applications  in  ICF 
diagnostics,  the  filter-detector  system  is  used(IO)  and 
typical  responses  are  given  in  ref.  2. 

DATA  TRANSMISSION  STSTEMS 

Coaxial  cables  are  far  from  perfect  transmission 
media.  High  bandwidth  signals  suffer  serious  distor¬ 
tion  as  they  propagate  along  coax  cables.  The  simplest 
solution  would  involve  location  of  the  recording  in- 
strixnentation  very  close,  within  a  few  meters,  of  the 
detector.  In  practice,  however,  this  is  not  a  feasible 
alternative.  Significant  radiation  and  electrical 
background  can  be  anticipated  near  the  target  area  of 
any  laser  system  and  an  e-beam  pumped  laser  (like  the 
Los  Alamos  Helios  laser)  would  be  an  even  more  diffi¬ 
cult  environment.  In  addition,  personnel  are  excluded 
from  the  target  area  during  tests  and  the  recording 
equipment  would  have  to  be  remotely  controlled. 

Radiation  background  provides  a  particularly 
severe  problem  with  modern  high  speed  oscilloscopes( 1 1) 
which  utilize  a  micro-channel  plate  (HCP)  gain  element 
preceding  the  phosphor.  The  MCP  exhibits  significant 
radiation  sensitivity. 

These  considerations  require  that  the  recorder  be 
located  some  distance  from  the  detector.  Thus  coax 
lines,  typically  20-RO  m  in  length,  are  required.  The 
severe  limitations  of  the  cable  then  become  a  serious 
concern . 

In  Fig.  3  the  attenuation  in  db  is  shown  as  a 
function  of  frequency  for  37  m  of  several  types  of  high 
frequency  cable.  Larger  cable  shows  signficantly  lower 
loss  at  all  frequencies,  but  other  considerations  argue 
against  the  large  cable.  As  a  practical  matter,  the 
largest  cables  are  extremely  difficult  to  handle.  A 
more  serious  concern  is  shown  in  Fig.  A  where  the 


non-linear  phase  characteristics  of  several  cables  are 
shown.  Thus  while  the  largest  cable  has  the  least 
attenuation,  it  shows  the  greatest  phase  distortion.  A 
coax  system  will  "ring"  or  oscillate  at  the  approximate 
frequency,  fjj,  where  the  dispersive,  or  nonlinear, 

phase  shift  exceeds  180°.  In  practice  a  system  will  be 
stable  if  the  ringing  frequency  is  attenuated  by  7-10 
db  below  the  attenuation  at  the  half  power  frequency, 

‘'3db‘ 


Fig.  2.  System  sensitivity  for  a  Nl  pre-fllter-Tl 
fluorescer-  Ti  post-filter  -  A1  diode  configuration. 

In  Fig.  2a  the  1  keV  Planck  source  is  attenuated  by 
transmission  through  the  Ni  pre-filter.  When  the  Ti 
fluorescer  is  added  in  Fig.  2b,  only  energies  above  the 
Ti-K  edge  contribute  fluorescence  at  90°.  All  energies 
also  scatter  off  the  Ti  fluorescer  foil.  A  Ti 
post-filter  provides  slight  additional  shaping  and 
prevents  any  UV  light  from  reaching  the  A1  diode.  The 
A1  diode  (with  a  Be  entrance  window)  then  detects  the 
predominantly  Ti  fluorescence  in  the  90°  beam.  The 
resulting  channel  has  almost  all  of  its  sensitivity 
between  the  Tl-K  and  Ni-K  edges. 


i 


DitwnivtPMw(^) 


61 


In  Fig.  3,  the  ringing  frequency,  f^,  la  shown  for 

each  cable.  Mote  that  the  largest  cable  rings  at  about 
2.5  GHz.  The  ringing  frequency  can  also  he  thought  of 
as  the  approx inate  frequency  above  which  modes  other 
than  TEH  can  propogate.  Cable  ringing  is  shown 
experimentally  in  Fig.  5  where  a  short  pulse  was  used 
to  excite  a  15-m  length  of  large  diameter  cable.  The 
output  was  measured  with  a  sampling  system. 


CABLE  FREQUENCY  RESPONSE 


Freilu«(icy(GHi) 


Fig.  3*  Attenuation  vs.  frequency  for  selected 
high-frequency  coaxial  cables.  See  text  for  discussion 
of  figure  abbreviations. 
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Fig.  4.  Non-linear  phase  characteristics  for  37  m 
lengths  of  seva-al  coaxial  cables. 

The  bandwidth  of  any  system  can  be  improved 
through  equalization.  This  technique  involves  the 
introduction  into  the  line  of  a  high  pass  filter  whose 
frequency  characteristics  compensate  for  the  frequency 
roll-off  of  the  original  system.  The  system 


sensitivity  is  reduced  but  an  improved  system  bandwidth 
results.  This  is  illustrated  in  Fig.  6b.  It  is  impor¬ 
tant  to  note  that  equalization  may  be  applied  to  any 
electrical  system  whose  frequency  characteristics  are 
known.  The  "system*  may  be  only  a  cable,  only  an 
oscilloscope,  or  a  complete  detector/ cable/ amplifier/ 
oscilloscope  combination. 
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Fig.  5.  Cable  ringing  in  a  15  m  sample  of  7/8  inch 
coaxial  cable. 
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Fig.  6.  a)  An  example  of  the  concept  of  equalization 
and  b)  one  possible  equalizer  configuration. 

Many  texts  deal  with  equalizer  technologyi 12)  and 
describe  a  variety  of  equalizer  constructions  involving 
resistive,  inductive,  and  capacitive  elements.  Equal¬ 
izers  may  be  matched  to  the  line  characteristics  to 
provide  a  "matched"  or  "non— reflective"  equalizer  or 
may  be  reflective.  While  reflective  equalizers  are 


62 


simpler  to  design  and  Tabricate,  care  must  be  exercised 
to  assure  that  either  1)  the  coaxial  cables  are  of 
sufficient  length  that  the  reflections  do  not  impair 
the  data,  or  2)  that  the  system  is  suitably  back-termi¬ 
nated  to  prevent  mulitiple  reflections.  A  standard 
type  of  matched  equalizer,  the  "bridge-tee"  construc¬ 
tion,  is  shown  in  Fig.  6b. 

The  various  coaxial  cable  systems  discussed 
earlier  can  be  equalized.  However  as  previously 
described  we  must  assure  that  f^  is  attenuated  well 

below  the  final  cable  f-j...  With  this  concern  as  a 
3db 

guide,  the  maximun  equalized  bandwidth  for  each  cable 
is  presented  in  Fig.  3  and  labeled  as  f^^n,- 

Standard  components  may  be  used  to  construct 
equalizers  with  frequency  characteristics  providing 
fj^b  into  the  500-1000  MHz  range.  However,  as  frequen¬ 
cies  exceed  1  GHz,  the  standard  discrete  components 
have  too  much  stray  and/or  distributed  reactance  to 
allow  construction  of  computer-generated  designs.  A 
new  type  of  equalizer  has  been  originated  to  address 
this  high  frequency  area. (13)  TViis  equalizer  consists 
of  a  microstrip  transmission  line  to  which  one  or  two 
microstrip  stub  lines  are  added.  Each  stub  line  is 
terminated  in  a  resistor  and  the  stubs  may  be  different 
impedances  and  lengths.  The  reflections  from  the 
various  line/stub  and  stub/resistor  interfaces  can  be 
tailored  to  give  suitable  high  pass  filter  charac¬ 
teristics. 

Hybrid  thick  film  circuit  technology  has  also  been 
explored  for  construction  of  multi-GHz  equalizers 
(using  conventional  designs  like  the  bridge-tee  of  Fig. 
6b),  but  to  date  has  not  approached  the  stub  equalizer 
success.  The  stub  equalizers  can  be  built  with 
conventional  printed  circuit  techniques  and  closely 
approach  computer  calculations  of  expected  performance. 

To  conclude  this  section.  Fig.  7  is  constructed 
from  the  data  of  Fig.  3.  The  attenuation  of  four 
possible  cable  types  is  shown.  From  Fig.  7  the  optimum 
cable  choice  for  a  37  m  cable  length  and  a  specific 
bandwidth  can  be  quickly  determined. 
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Fig.  7.  Frequency  and  attenuation  for  37  m  high 
frequency  cables  within  the  operating  range  of  each 
cable. 

DATA  RECORDERS 

Few  options  exist  for  data  recording  above  500  MHz 
bandwidth .  No  commercial  A/D  converter  or  transient 
digitizer  (except  the  7912/<)lrect  access)  can  presently 
approach  this  bandwidth  with  acceptable  resolution  (6 
bits).  Sampling  techniques  do  achieve  this  bandwidth 
but  customarily  are  used  only  with  repetitive  signals. 


Many  parameters  (cost,  mode  of  operation,  detailed  fre¬ 
quency  response,  over-voltage  protection,  etc.)  must  be 
addressed  in  selecting  equipment  for  each  application. 
However,  as  a  major  over-simplification,  several 
presently  available  recorders  are  compared  in  a  two- 
dimensional  space  (f,..  bandwidth  vs.  sensibility)  in 
Fig.  8. 


Smsibililii  (RE/V) 


Fig.  8.  Bandwidth  and  sensibility  for  several 
commercial  recorders.  See  text  for  details. 

Sensibility  is  defined  as  the  number  of  resolution 
elements  per  input  volt.  A  resolution  element  is  de¬ 
fined  either  as  a  trace  width  for  an  oscilloscope  or  a 
least-significant-bit  for  a  digitizer.  The  actual 
value  of  sensibility  quoted  for  each  recorder  is  open 
to  considerable  interpretation  and  is  not  an  exact 
quantity.  (Various  trace  widths  or  sensitivities  may 
be  seen  in  different  samples  of  a  given  recorder.)  The 
sensibility  values  in  Fig.  8  should  be  treated  as  rough 
guides  only.  The  equipment  described  in  Fig.  8  is  made 
by  Tektronix,  Inc.  (7912-direct  access,  7912,  710R),  by 
ECiG,  Inc.  (KR-23  and  KR-25) ,  by  Lockheed(1«) 

(LM-7912>,  by  Lockheed  and  EGiG(15)  (S-3),  by  a  Los 
Alamos/Tektronix  collaboration( 11)  (1776)  and  by 
Thomson-CSF  (TMC-R  and  TMC-5).  The  Thomson-CSF,  the 
1776.  and  the  KR-25  scopes  use  MCP  current  amplifica¬ 
tion  . 

All  of  these  recorders  are  electron  beam  devices 
(conventional  oscilloscopes  or  scan  converters)  except 
the  single-shot-sampler  (S-3)  system.  This  system 
utilizes  sixteen  A  GHz  Tektronix,  Inc.  sampling  heads 
stobed  and  timed  by  a  single  trigger  pulse.  The  input 
signal  is  distributed  to  the  16  sampling  heads. 

Sixteen  high  bandwidth  samples  are  thus  recorded. 
Additional  units  can  be  used  to  expand  beyond  16 
samples . 

The  1776  oscilloscope  is  used  in  moderate  quanti¬ 
ties  in  several  Los  Alamos  programs.  It  serves  as 
another  example  of  equalization  technology.  The  re¬ 
sponse  of  the  basic  scope,  without  equalization,  is 
shown  in  Fig.  9.  The  unequ  ilzed  sensitivity  is  about 
A50  mV/cm  with  a  700-80  0  MHz  bandwidth.  Since  the 
attenuation  curve  is  fairly  smooth,  the  unit  can  be 
equalized  to  much  higher  bandwidths.  (Not  shown  in 
Fig.  9,  but  of  equal  importance  is  that  the  phase 
characteristics  are  well  behaved  past  6  GHz.)  9iown  in 
Fig.  9  is  one  configuration  of  the  1776  used  in  several 
applications.  A  A  db  stub  equalizer  is  used  to  provide 
a  1.6  GHz  bandwidth  at  a  sensitivity  reduced  to  700 
mV/cm.  The  example  in  Figure  8  was  equalized  to  about 
2.5  GHz  and  provided  1.1  V/cm  sensitivity.  The 
trade-off  between  bandwidth  and  sensitivity  must  be 
guided  by  the  specific  experiment. 
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Fig.  9.  Frequency  response  of  the  1776  scope  in  an 
unequalized  mode  and  in  one  equalized  (<4  db)  mode.  The 
equalizer  response  is  also  shovm. 

SUPPORTING  INSTRUMENTATION 

This  section  briefly  addresses  three  classes  of 
instrunentation  which  are  critical  in  high  bandwidth 
systems:  amplifiers,  test  instruments,  and  scope 
digitizers . 

An  amplifier  of  suitable  bandwidth  can  Increase 
the  sensibility  values  shown  in  Fig.  8.  However,  the 
amplifier  must  be  carefully  tested  to  Insure  that  it  is 
not  introducing  significant  distortion  into  the  re¬ 
corded  system.  Some  amplifiers  can  introduce  severe 
ringing  or  other  artifacts  into  signals.  The  amplifier 
must  also  have  enough  linear  output  to  deflect  the 
chosen  oscilloscope. 

Test  instrunents  are  required  to  verify  the  pulse 
response  of  each  component  of  a  system.  Both  Impulse 
and  step  generators  provide  suitable  data  for  sub¬ 
sequent  Fourier  analyis.{16)  Both  amplitude  and  phase 
must  be  inspected  in  the  Fourier  analysis  to  insure 
adequate  pulse  fidelity.  Pulse  generators  may  use 
either  step-recovery  diodesC 17)  or  mercury  pulsers.(18) 
These  diodes  can  deliver  up  to  30  V  at  high  repetition 
rates  in  a  60  ps  Impulse  while  the  mercury  pulsers  can 
provide  much  larger  voltages  in  a  single  shot  mode. 
Tunnel  diode  pulsers(19)  can  provide  20  ps  rlsetlmes 
»ri.th  250  mV  output.  Mercury  pulsers  fabricated  at  Los 
Alamos,  similar  to  those  described  in  ref.  18.  have 
demonstrated  a  37  ps  risetime. (20)  For  many  applica¬ 
tions  a  set  of  calibrated  step  generators(21 )  which 
provide  well  behaved  and  characterized  step  shapes  from 
50  to  200  ps  is  very  useful  and  can  be  ordered  from 
NBS.  Delay  lines  are  required  to  provide  trigger 
advance  times  to  the  recorder  system  and  Ideally  would 
provide  ~50  ns  delay  without  pulse  distortion.  Cryo¬ 
genic  lines  at  liquid  He  temperatures  with  superconduc¬ 
ting  coaxial  cables  have  been  docunented  with  70  ns 
delay  and  >20  GHz  bandwidth .(22)  Similar  lines  con¬ 
structed  with  2.1  mm  diameter  semi-rigid  coax  in  liquid 
N2  constructed  at  Los  Alamos  provide  60  ns  delay  with  a 
bandwidth  of  5  CHz.  The  Los  Alamos  delay  line  requires 
7  db  equalization  to  achieve  the  bandwidth. 

Sampling  techniques  are  needed  to  document  the 
performance  of  several  of  the  components  discussed  in 
this  paper.  Sampling  measurements  can  provide 
bandwidth  data  up  to  18  GHz. (23) 

The  Importance  of  test  instrunentation  cannot  be 
overemphasized.  Attempts  to  rely  exclusively  on  manu¬ 
facturer's  specifications  or  literature  descriptions  of 
specifications  for  similar  systems  will  usually  be  met 
with  serious  failure.  High  bandwidth  systems  require 
careful  attention  to  all  details  of  system  construction 


and  test  facilities  are  essential.  Any  equalization 
also  demands  detailed  knowledge  of  system  response. 

The  final  area  of  useful  Instrunentation  concerns 
oscilloscope  digitizers.  For  systems  using  scopes, 
film  recording  may  be  used.  An  alternative  would  use  a 
vldicon  tube  to  scan  the  scope  face.  Such  systems, 
based  on  SIT  vidicon  tubes,  are  in  use  at  Los 
Alamos. (24)  In  a  rapid  test  schedule,  the  desirability 
of  such  devices  is  apparent. 

SYSTEM  CONSIDERATIONS 

The  choice  of  a  complete  system  must  be  guided  by 
the  experimental  requirements.  The  concept  of 
sensibility,  introduced  earlier,  has  proven  to  be  very 
useful  in  characterizing  experimental  requirements. 

Each  experiment  can  be  characterized  by  a  bandwidth  and 
sensibility  needed  to  adequately  record  the  anticipated 
data.  The  sensibility  is  deduced  from  a  review  of  the 
required  resolution  and  the  anticipated  output  signal 
levels. 

As  an  example  of  such  system  considerations , 
graphs  like  Fig.  10  may  be  constructed  to  show  the 
achievable  bandwidth  and  sensibility  for  several 
recorder  systems  operating  throx;igh  18  and  37  m  cables. 
If  an  experiment  required  3  GHz  bandwidth,  if  100 
resolution  elements  (R.E.)  are  required,  and  if  10 
volts  peak  signal  are  expected  (requiring  10  RE/V). 
then  the  1776  and  TMC-4  systems  can  be  used  with  0.5 
Inch  cable. 

The  beam  diagnostic  system  for  the  Helios  and 
Antares  laser  was  constructed  from  similar  consider¬ 
ations. (25)  Thirty-eight  meters  of  0.5  inch  cable, 
amplification(26) ,  a  1776  oscilloscope,  and  a  digital 
camera  were  used.  System  modeling  guided  the  choice  of 
a  3  GHz  system  bandwidth.  Without  equalization  the 
system  was  cable  limited  to  ~250  MHz.  The  system  fre¬ 
quency  response  (Curve  A)  is  shown  in  Figure  11  along 
with  the  calculated  performance  (Curve  P)  of  a  stub 
equalizer  with  18  db  equalization  and  the  calculat'ed 
final  system  response  (Curve  C) .  A  2-3  GHz  system 
resulted  and  provided  the  measured  response  of  Fig.  12. 


Fig.  10.  System  sensibility  for  systems  based  on  five 
recorder  choices  at  two  distances.  The  7A19  refers  to 
a  Tektronix,  Inc.  preamplifier. 
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Fig.  11.  Measured  system  frequency  response  for  the 
Hellos  beam  diagnostic  channel  consisting  of  30  m  of 
0.5  inch  coax,  an  amplifier,  a  1776  oscilloscope,  and  a 
scope  trace  dlgitier.  Calculated  equalizer  response 
and  anticipated  system  response  are  also  shown. 
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Fig.  12.  System  response  of  the  Helios  beam  diagnostic 
channel . 

CONCLUSION 

In  this  paper  the  elements  of  an  x-ray  detector 
system  have  been  presented.  System  responses  over  3GHz 
may  be  constructed  from  the  technology  presented 
herein . 

As  a  final  topic,  the  subject  of  data  unfolding 
should  be  mentioned.  Unfolding,  or  deconvolution,  may 
be  used  to  recover  additional  system  bandwidth ,(27) 

The  bandwidth  that  can  be  recovered  by  deconvolution  is 
highly  dependent  on  noise  either  in  data  or  in  system 
response.  In  several  situations  at  Los  Alamos, 
bandwidth  has  been  increased  by  recovering  frequency 
attenuation  of  about  15  db,  but  this  value  depends 
critically  on  the  individual  system.  Attempts  at 
excessive  deconvolution  Introduce  serious  noise  into 
the  data  and  can  actually  degrade,  rather  than  Improve, 
system  performance. 

Proper  system  design  is  providing  multi-GHz 
recording  capabilities  at.  the  Los  Alamos  National  Lab¬ 
oratory. 


The  author  gratefully  ac)<nowledges  extensive 
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National  Laboratory.  The  concepts  discussed  herein 
were  developed  during  review  of  recording  system 
options  for  the  Los  Alamos  Antares  laser  facility. 
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ABSTRACT 


A  Soft  X-Ray  Streak  Camera  (SXRSC)  is  a  fast  timing  instrument  sensitive  to  x  rays  from 
100  eV  to  30  keV.  The  Instrument  has  excellent  time  resolution  (~15  ps)  and  large  dynamic 
range  (~10^)  which  are  well  suited  for  measuring  x-ray  pulses  produced  by  laser-fusion 
targets.  The  SXRSC  uses  a  thin  transmission  photocathode  to  convert  x-rays  to  a  secondary 
electron  signal  which  is  accelerated,  focused,  and  deflected  onto  a  phosphor  producing  an 
image  of  the  x-ray  pulse  time  history.  In  the  past,  such  instruments  have  been  used  only  to 
make  relative  measurements  of  the  time  history.  At  LLML  we  have  calibrated  the  SXRSC  in 
order  to  make  absolute  intensity  measurements  of  the  soft  x-ray  flux  from  laser  fusion 
targets.  Such  measurements  will  assist  in  understanding  the  laser  plasma  processes  and 
conditions  needed  to  attain  laser-produced  fusion.  Because  of  the  nature  of  the  instrument, 
we  have  calibrated  it  in  the  dynamic  mode  using  a  small  laser-produced  pulsed  x-ray  source. 
Details  of  the  calibrations  will  be  given.  He  have  measured  the  SXRSC  response  to  be  linear 
over  more  than  two  orders  of  magnitude  with  the  range  limited  by  the  x-ray  source  strength. 
The  dynamic  range  of  similar  instruments  sensitive  to  optical  light  has  beei.  demonstrated  to 
be  greater  than  10^.  Based  on  first  generation  calibrations,  flux  measurements  are 
accurate  to  +  30%  with  the  largest  uncertainty  in  the  calibrations  being  in  determining  the 
source  spectrum  and  intensity.  The  uncertainties  can  possibly  be  reduced  by  a  factor  of  two 
by  better  source  charactef ization.  In  that  case  errors  in  SXRSC  measurements  would  approach 
those  of  other  x-ray  pulse  detectors,  such  as  x-ray  diodes. 


I.  INTRODUCTION 

X-ray  streak  camera  technology  has  been 
developed  at  LUNL  (1)  and  elsewhere  (2)  to  time 
resolve  x-ray  pulses,  primarily  for  application  to 
laser-fusion  plasmas.  Such  plasmas  are  intense  x-ray 
sources  lasting  for  nanoseconds  or  less.  At  LLNL  a 
soft  x-ray  streak  camera  (3)  (SXRSC)  has  beer 
developed  which  is  sensitive  to  x  rays  from  lOO  eV  to 
greater  than  30  keV.  Its  temporal  resolution  of  15 
psec  and  dynamic  range  of  greater  than  10^  allows 
for  detailed  study  of  the  target  emission.  Until 
recently,  its  primary  application  has  been  relative 
time  history  measurements  of  the  x-ray  emission. 
Efforts  have  begun  to  absolutely  calibrate  the  SXRSC 
for  quantitative  measurements.  In  this  article  some 
of  the  SXRSC  properties  are  summarized  emphasizing 
the  quantititive  calibrations.  The  calibration 
method  is  discussed  and  some  initial  results  are 
presented. 

II.  PRINCIPLE  OF  OPERATION 

The  SXRSC  operates  similarly  to  optical  streak 
cameras (4)  developed  at  LLNL  which  is  an  application 
of  electron  imaging  technology.  Signal  processing  is 
illustrated  schematically  in  Fig.  1.  First,  x  rays 
are  converted  to  an  electron  signal  at  the  front  of 
the  image  converter  tube.  A  thin  transmission 
photocathode  produces  a  signal  of  low-energy 
secondary  electrons  at  the  rear  surface  whose 
intensity  is  proportional  to  the  x-ray  Intensity 
striking  the  front  surface.  A  thin  narrow  slit 
('-100  |jm  wide)  collimates  the  x  rays  in  front  of 
pbotocathode  resulting  in  secondary  electrons  being 
emitted  over  the  slit  area.  Electrostatic  fields 
accelerate  and  focus  the  secondary  electrons  imaging 
the  slit  onto  a  phosphor  at  the  rear  of  the  image 
converter  tube.  The  izMge  position  at  the  rear  of 


the  tube  is  controlled  by  a  set  of  deflection  plates 
in  the  image  converter  tube.  By  rapidly  varying  the 
voltage  on  the  deflection  plates,  the  slit  image 
position  varies  as  a  function  of  time  resulting  in  a 
two-dimensional  image  on  the  phosphor.  The  temporal 
history  of  the  x  rays  is  recorded  in  cne  dimension 
orthogonal  to  tl)e  slit  while  the  other  dimension  is 
the  Spatial  variation  of  the  x-ray  signal  along  the 
slit.  The  light  intensity  of  the  phosphor  iMge  is 
amplified  with  a  microchannel  plate  intensifier  (MCP) 
and  recorded  either  with  film  or  with  an  active 
readout  CCD  array.  (5) 

An  example  of  x-ray  data  from  a  laser  fusion 
target  is  shown  in  Fig.  2.  The  data  is  recorded  with 
a  CCD  array  using  an  8  bit  digitizer.  In  this 
exai^le  several  x-ray  channels  are  placed  across  the 
slit  and  their  tiaw  histories  are  recorded 
simultaneously.  By  combining  such  data  with 
calibrations  discussed  below,  x-ray  flux  versus  time 
can  be  measured. 

The  SXRSC  signal,  s,  is  related  quantitatively 
to  the  incident  x-ray  flux,  Fj^,  by  the  expression 


where  d  is  the  entrance  slit  width  and  Vg  is  the 
sweep  speed  of  the  deflection  plates.  The  electron 
transmission  -fficiency,  e,  imeige  magnification,  m, 
and  electron  to  light  conversion  efficiency,  are 
properties  of  the  image  converter  tube  and  image 
intensifier.  The  detection  efficiency,  y,  tor  either 
film  or  CCD  array  averages  over  the  spectral  output 
of  the  phosphor.  The  SXRSC  response  depends  on  x-ray 
energy  primarily  through  the  photocathode  conversion 
efficiency,  r).  Photocathodes  normally  consist  of 
thin  Au  films  evaporated  on  carbon  substrates 
although  other  substrate  and  cathode  materials  are 
being  investigated.  If  the  secondary  electron 
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Fig.  1  Scheaatlc  showing  signal  processing  for  an 
x-ray  streak  caaera. 

spectrum  and  angular  distribution  froD  the 
photocathode  are  independent  of  x-ray  energy,  the 
canera  paraaeters,  in  parenthesis  in  Bg.  (1) ,  are 
also  energy  Independent.  They  can  be  replaced  by  a 
single  constant,  a,  characteristic  of  the  instruaent 
and  independent  of  x-ray  energy.  Bq.  (1)  then 
becoaes 


where  subscripts  denote  x-ray  energy  dependence. 

Henke  ^  (6)  have  measured  of  the  secondary 

electron  spectrua  for  various  photocathode  materials 
and  found  thea  independent  of  x-ray  energy.  The 
energy  dependence  can  also  be  tested  by  the  energy 
dependence  of  the  calibrations. 

Another  application  of  SXBSC  technology  is  time 
dependent  aeasureaents  of  x-ray  source  sizes.  By 
using  an  x-ray  imaging  eleaent  such  as  an  x-ray 
microscope  (7)  or  pinhole  (8)  to  iaage  the  x-ray 
source  onto  the  SXRSC  slit,  the  tiae  history  of  a 
spatial  diaensicn  is  recorded.  Streaked  spectroscopy 
can  also  be  done  by  placing  the  SXBSC  slit  along  the 
plane  of  dispersion  of  a  diffraction  dei^lce  such  as  a 
crystal  (9)  or  grating.  (10) 

III.  S.tKSC  PROPERTIES 

The  unique  feature  of  the  SXRSC  is  its  excellent 
teq>oral  response  although  its  dynamic  range, 
sensitivity,  and  one  diaension  of  information  also 
make  the  instruaent  attractive  for  pulsed  x-ray 
aeasureaents.  Teaporal  response  of  the  SXRSC  is 
estlaated  to  be  15  psec  which  is  an  order  of 
magnitude  better  than  existing  x-ray 
diode-oscilloscope  systems.  Fig.  3  illustrates  the 
SXRSC  teaporal  response  to  a  series  of  short  x-ray 
pulses  separated  by  500  ps.  (11)  The  short  x-ray 
pulses  ('-70  psec)  are  crested  by  irradiating  a  Ta 
foil  with  a  series  of  50  psec  laser  pulses.  The 
pulse  shapes  are  very  unifora  with  little 
instrumental  structure.  Temporal  data  at  the  SO  psec 
resolution  level  can  easily  be  interpreted  without 
complicated  instrument  response  unfolding 
techniques.  The  resolution  limit  of  the  SXRSC  has 
not  been  directly  measured  because  a  fast,  intense 
x-ray  source  is  not  available.  Resolution  of  optical 
streak  cameras  having  similar  design  has  been 
demonstrated  to  be  in  the  sub-10  psec  range.  (12) 
Resolution  of  x-ray  streak  cameras  is  expected  to  be 
similar.  Measured  secondary  electron  distributions 
from  x-ray  photocathodes  indicate  that  additional 
teaporal  broadening  due  to  the  greater  energy  spread 
of  the  secondary  electrons  will  not  decrease  teaporal 
resolution  significantly.  (13)  Direct  aeasureaents 
of  the  temporal  response  are  needed  to  better 
understand  the  instruaent  response  in  the  10  psec 
range. 
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Fig.  2  Example  of  SXRSC  data.  Top  is  the  two  - 
dimensional  image  of  the  intensity  vs  tiae  recorded 
by  a  CCD  array.  Bottom  is  the  tiae  history  of  three 
subkilovolt  x-ray  energies  defined  by  filter  material 
labeled  on  each  curve. 

Spatial  resolution  is  important  especially  for 
imaging  and  spectroscoiv  applications.  Spatial 
resolution  is  Influenced  by  broadening  in  the 
photocathode  and  light  detection  systems  as  well  as 
by  the  quality  of  electron  focusing  optics.  Fig.  4 
shows  portions  of  a  streaked  image  from  SXRSC  in 
which  a  75-|Jm  wire  grid  is  placed  in  front  of  the 
photocathode  slit.  On  the  left  side  of  the  raw  data, 
the  grid  is  removed  displaying  the  unsxidulated 
pulse.  A  digital  scan  along  the  cathode  slit,  shorn 
on  the  right  of  Fig.  4,  displays  the  150-um  period 
indicating  that  features  as  small  as  7  1. p./am  are 
clearly  resolvable.  The  noise  in  the  data  results 
from  small  scale  fluctuations  in  the  MCP  gain. 

Signal  statistics  also  contribute  to  the  noise, 
especially  in  the  wings  of  the  pulse. 

Although  specific  tests  have  not  been  made,  the 
dynamic  range  and  sensitivity  of  the  SXBSC  are  also 
excellent.  From  data  such  as  that  shorn  in  Fig.  3, 
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Fig.  3  Example  of  the  temporal  response  of  the  SXRSC 
to  70  psec  x-ray  pulses  separated  by  500  psec  for  Au 
and  Csl  photocathodes. 
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Fig.  4  SXKSC  response  to  ISO  ym  period  modulations 
across  the  entrance  slit.  On  the  left  is  the  raw 
data  while  on  the  right  is  a  digital  scan  of  the  data 
across  the  slit. 


have  to  withstand  atixispheric  pressure.  Present 
windows  of  cosBerclally  produced  vapor-deposited 
carbon  film  (15)  SO  pg/<^  thick  extend  the  range 
of  sensitivity  down  to  100  eV.  These  substrates  have 
proven  to  be  stable  under  normal  cperation  although 
they  can  be  destroyed  if  handled  improperly.  Thin 
polyiser  films  are  being  tested  to  reduce  the  lower 
x-ray  limit  and  to  isprove  detection  capability 
around  the  carbon  K  edge  which  is  presently 
attenuated  by  the  carbon  windows.  The  polymer  films 
should  also  have  Improved  mechanical  strength. 

Effects  of  these  non-conducting  cathode  substrate  on 
temporal  resolution  and  dynamic  range  are  presently 
not  known. 

Photocathode  material,  usually  Au,  is  deposited 
on  the  substrate  window.  Its  large  absorption  cross 
section  makes  Au  an  attractive  material  especially  at 
higher  energies.  Measurements  by  Day  et  (16) 
have  shown  that  its  quantum  efficiency  in  the 
sub-kilovolt  region  is  also  high  for  a  metal  and 
relatively  stable  under  normal  applications.  The 
photocathode  layer  must  be  thick  compared  to  the 
range  of  secondary  electron  contributing  to  the 
signal,  but  relatively  thin  to  minimize  absorption  in 
the  front  region,  or  dead  layer  from  where  secondary 
electrons  cannot  escape.  Thin  film  layers  also  must 
be  thick  enough  to  insure  uniform  deposition.  Benke 
et  al.  (17)  have  found  Au  thicknesses  around  200  X  to 
be  optimum.  Quantum  efficiencies  for  these 
transmission  photocathodes  vary  from  0.01  e~/photon 
to  0.1  eVphoton  over  the  range  from  100  eV  to  10 
keV.  The  Au  surfaces  are  easily  prepared  by  vapor 
deposition  and  seem  relatively  stable  when  exposed  to 
air.  Csl  cathodes  are  also  being  investigated  for 
increased  sensitivity  (11) .  Csl  quantum  efficiencies 
are  a  factor  five  to  thirty  greater  than  Au  quantum 
efficiencies  in  the  soft  x-ray  region.  (17)  Fig.  3 
ccopares  the  response  of  Csl  and  Au  photocathodes  to 
the  same  x-ray  pulse  train  illustrating  the  increased 
efficiency.  Csl  may  have  a  late  time  temporal 
component  evidenced  by  the  residual  signal  between 
pulses  in  Fig.  3  which  may  restrict  its  usefulness. 
Bateman  and  Apsimon  (18)  have  also  developed  a  low 
density  Csl  cathode  which  is  being  employed  for  x-ray 
streak  camera  applications.  (19) 

V.  ABSOLUTE  FLUX  MEASURSIBNT 


no  significant  broadening  is  observed  at  the 
50  psec  level  over  three  orders  of  magnitude.  A 
dynamic  range  of  3  x  10^  has  been  measured  with  an 
optical  streak  camera  for  50  psec  pulses.  (12)  The 
SXKSC  also  has  high  sensitivity  being  determined  by 
the  photocathode  efficiency.  From  calibration  data 
minimum  detection  levels  appear  to  be  set  by  counting 
statistics  due  to  single  photon  or  electron  events  in 
the  photocathode.  Increased  sensitivity  can  be 
achieved  by  widening  the  slit  which  enlarges  the 
detection  area.  Work  on  optical  streak  cameras 
indicate  that  slits  as  wide  as  1  mm  can  be  used  by 
changing  the  focus  without  significantly  degrading 
the  teiporal  resolution.  (14)  Further  studies  are 
needed  to  assess  if  the  technique  is  applicable  to 
x-ray  streak  cameras. 

IV.  X-RAY  PHOIOCATBODE  RESPONSE 

The  useful  spectral  range  of  the  SXRSC  is 
limited  by  the  x-ray  photocathode  resixxtse.  The  low 
energy  limit  is  set  by  the  minimum  x-ray  energy 
transmitted  by  the  photocathode  substrate.  At  high 
energies,  both  photocathode  quantum  efficiencies  and 
x-ray  intensity  usually  decrease  with  increasing 
energy,  limiting  the  useful  range  to  less  than  about 
35  keV.  In  early  development  of  x-ray  streak  camera 
technology,  the  image  converter  tubes  were  sealed 
requiring  a  cathode  window  which  could  withstand 
atmospheric  pressure.  Be  windows  8  pm  thick 
limited  the  useful  range  of  operation  to  greater  than 
1  keV.  Presently,  the  SXRSC  uses  auxiliary  pumping 
equipment  allowing  for  thinner  windows  which  do  not 


Absolute  flux  measurements  have  begun  at  LUIL 
using  the  SXRSC  taking  advantage  of  its  excellent 
timing  and  large  dynamic  range.  Such  measurements 
require  an  energy  discrimination  technique  as  well  as 
calibration  of  the  instrument.  Initial  measurements, 
shown  schematically  in  Fig.  5,  use  three  broad-band 
channels  defined  using  x-ray  mirror-filter  pairs. 

The  channels  are  placed  across  the  SXRSC  slit,  so 
that  their  time  histories  are  recorded  simultaneously 
with  a  single  instrument.  For  future  measurements 
the  number  of  channels  can  be  expanded  by  adding  more 
mirror-filter  pairs.  More  precise  spectral 
definition  can  be  obtained  using  narrow-band 
Interference  mirrors,  (20)  or  continuous  spectral 
measurements  can  be  made  using  a  dispersive  device 
such  as  a  transmission  grating.  (10) 

The  composition  and  spectral  response  of  the 
three  initial  channels  are  shown  in  Fig.  6.  These 
broad-band  systems  provide  energy  resolution 
E 

3  -  5,  with  good  channel  definition.  The 

transmission  filters  define  a  spectral  window  just 
below  the  K  or  L  edge  of  the  filter  material.  The 
x-ray  mirrors  act  as  low-pass  filters  having  high 
reflectivity  in  the  spectral  window  of  the  filter. 

At  higher  energies  where  the  filters  became 
transparent,  the  mirrors  have  poor  reflectivity 
suppressing  this  contribution  to  the  signal. 

T))e  transmission  filters  and  mirrors  are 
calibrated  individually  using  auxiliary  x-ray  sources 
determining  the  spectral  flux  incident  on  the  SXRSC. 
Below  1  keV  the  calibrations  use  a  proton- induced 
line  source  (21).  Results  from  a  Ni  mirror 


SXRSC  response  (10*  bits/joule/ps-sr) 
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X-ray  X-ray  ttraak  canrart 


Fig.  5  Scheaatic  of  spectral  flux  measurements  using 
SXBSC.  X-ray  mirror-filter  pairs  define  three 
subkilovolt  x-ray  channels  along  the  slit  of  the 
SXKSC. 


Fig.  6  Spectral  response  of  the  three  SXRSC  channels 
used  for  the  flux  measurements. 


calibration  is  shown  in  Fig.  7.  This  mirror  is  made 
by  vapor  depositing  1000  A  of  Ni  onto  a  flat 
amorphorus  carbon  substrate.  Reflectivity 
measurements  have  been  extended  above  1  keV  using  an 
electron  bremsstrahlung  source  from  a  Ti  target.  The 
reflectivity  is  predicted  through  the  cutoff  energy 
by  a  semiclassical  calculation,  (22)  while  at  higher 
energy  the  measured  reflectivity  is  less  than 
predicted.  At  the  higher  energies  x  rays  are  not 
totally  externally  reflected  at  the  Surface  but 
penetrate  through  the  Ni  layer  to  the  carbon 
substrate.  Lower  reflectivity  from  the  low  Z  carbon 
substrate  produces  an  observed  reflectivity  less  thw 
predicted  for  bulk  Ni.  Use  of  higher  Z  films  on  a 
low  Z  substrate  appears  viable  for  improving  the  low 
pass  filter  qualities  of  x-ray  mirrors.  Improved 
computational  capabilities  now  being  developed  for 
x-ray  Interference  mirrors  should  be  useful  in 
predicting  their  reflectiviti'”'. 

VI.  SXRSC  CALIBRATIONS 

SXRSC  calibrations  are  done  in  the  pulsed,  or 
dynamic,  mode  using  the  broad-band  channels  defined 
above.  Such  calibrations  are  necessary  because  late 
time  background  signals  can  Interfere  with  a 
steady-state,  or  d.c. ,  calibrations.  The  background 
is  easily  suppressed  electronically  in  pulsed 
operation.  Other  transient  field  effects  may  also 
affect  d.c.  calibration.  For  pulsed  calibration, 
x-ray  sources  on  the  order  of  10^^ 
photons/cm^-sec  are  required.  These  photon  fluxes 
are  at  least  three  orders  of  magnitude  greater  than 
obtainable  from  a  d.c.  source  but  can  be  readily 
obtained  from  a  pulsed  x-ray  source. 

Present  calibrations  use  laser-produced  x-ray 
pulses.  A  schematic  of  the  calibrations  is  shown  in 
Fig.  8.  Laser  pulses  of  around  one  joule  and  SO  psec 
are  focused  at  normal  incidence  onto  targets  of 
various  material.  Three  calibrated  x-ray  diodes 


X-ray  energy,  keV 


Fig.  7  Example  of  the  x-ray  mirror  calibrations. 

The  sub-kilovolt  data  is  taken  using  a  proton-induced 
line  source.  Above  1  keV,  an  electron  bremsstrahlung 
source  is  used. 

(XRD)  monitor  the  source  at  45°  to  the  target 
plane.  The  SXRSC  views  the  target  at  45°  on  the 
opposite  to  the  XRD's  as  shown  in  Fig.  8.  The  SXRSC 
is  calibrated  for  the  three  x-ray  channels  described 
in  the  flux  measurements.  The  channel  response  of 
the  three  XRD's  have  been  matched  as  nearly  as 
possible  to  the  SXRSC  channel  responses.  The  SXRSC 
response,  RsxRSC>  related  to  the  signal  ratio 
frcm  the  two  instruments  as  shown  in  Fig.  8.  The 
signal  ratio  Is  corrected  for  the  difference  in 
effective  width  of  the  two  corresponding  energy 
channels  and  for  the  difference  in  solid  angle  of  the 
two  instruments.  The  XRD  response,  Rxrd>  fbe 
channel  response  averaged  over  the  input  spectrum. 

The  RsxrSC  similarly  averaged  by  the  input 
spectrum. 

The  laser  source  spectrum  is  structured 
depending  on  target  material  with  most  of  its  energy 
contained  below  1  keV  for  these  irradiation 
conditions.  Spectra.'  intensities  for  several  targets 
measured  by  the  XRD's  is  shown  in  the  top  curve  of 
Fig.  9,  and  total  conversion  efficiency  from  incident 
laser  energy  to  x-ray  output  in  this  spectral  region 
is  plotted  in  the  bottom  curve.  Nhile  precise  values 
depend  on  irradiation  conditions,  the  high  Z  elements 
of  Ta  and  Au  produce  a  more  intense  x-ray  source  over 
this  energy  region.  For  lower  Z  eloaents,  line 
emission  effects  are  more  evident.  For  exasple,  the 
intensities  from  Fe  and  V  targets  are  similar  at  200 
eV  and  400  eV,  but  at  600  eV  the  V  intensity  is  an 
order  of  magnitude  larger,  approaohing  that  of  Ta  and 
Au.  In  this  region  V  L-shell  emission  dominates  the 
spectrum.  Prellminuy  high  resolution  measurements 
in  this  region,  shown  in  Fig.  10,  display  the 
complicated  spectrum  produced  by  these  targets.  The 
spectra  in  Fig.  10  are  taken  using  an  Fe  filter  which 
cut  off  the  spectrum  at  710  eV.  although  the  line 
structure  extends  to  higher  energies.  By  suitably 
mating  the  filter  and  target  material,  high  intensity 
emission  in  a  relative  narrow  band  region  may  be 
possible. 

SXRSC  calibration  data  is  similar  to  that  shown 
in  Fig.  2.  Intensity  vs.  time  curves  for  the  three 
x-ray  channels  are  integrated  in  time  and  compared 
with  the  Integral  signal  frcm  the  XRD's.  An  exasple 
of  the  comparison  for  the  600  eV  channel  Is  shown  in 
Fig.  11.  Similar  data  is  obtained  for  the  two  lower 
energy  channels.  The  XRD  output  has  been  converted 
to  absolute  fluences  at  the  SXRSC,  correcting  for  its 
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A  ichamatic  of  tlM  calibrations 


Tha  SXRSC  calibrations 

•  Are  done  in  the  dynamic  mode  using  70-170  p$  x-ray  pulses 
a  Use  a  broad  band  x-ray  source  with  hv  <  1  kaV 
o  Use  transmission  filters  to  define  three  coarse  x-ray  channels 

a  Are  done  by  comparing  x-ray  fluences  measured  by 
calibrated  x-ray  diodes  (XRD's)  to  the  integral  signal 
from  the  SXRSC 

Fig.  8  Schematic  of  the  absolute  calibrations.  The 
SXBSC  signals  ace  conpaced  with  signals  fcon 
calibrated  XBD's. 


solid  angle  and  channel  width.  The  SXBSC  signal 
unit,  bit,  is  an  arbitrary  value  set  by  the  CCD 
digitizer  which  is  constant  for  the  particular 
instrument. 

The  calibration  value  determined  by  the  slope  of 
the  data  in  Fig.  11  varies  with  target  Z.  The  high 
Z,  high  intensity  data  are  systematically  above  the 
lower  Z  data.  These  systenatics  are  due  to 
broad-band  responses  used  for  energy  discrimination 
and  to  structure  in  the  source  spectrum.  Even  by 
including  these  systematlcs,  the  data  group  about  a 
mean  value  shown  as  the  solid  line  in  Fig.  11  with  an 
error  of  +  208.  The  total  errors  in  the  flux 
measurements  ace  estimated  to  be  +  308  when  errors  in 
the  auxiliary  calibrations  are  Included. 

Similar  calibrations  have  been  done  on  another 
SXRSC  using  Kodak  Royal  X-Pan  film  as  a  detector. 

The  calibration  data  are  from  Argus,  a  larger, 
experimental  laser.  The  data  are  from  several 
experiments  accumulated  over  a  number  of  months.  The 
integrated  SXRSC  signal  from  each  of  the  three 
x-ceiy  channels  is  plotted  in  Fig.  12  versus  the  x-ray 
fluence  from  the  sazie  spectral  region  measured  by  a 
ten  channel  XRD  system.  (23)  Each  film  record  uses  a 
stepwedge  registered  on  the  film  with  a  constant, 
chromatically  matched,  light  source,  to  relate  a 
given  optical  density  to  a  light  exposure.  This 
procedure  approximately  corrects  for  shot  to  shot 
variations  in  film  developing  and  film  response.  The 
mean  calibration  value,  shown  as  solid  lines  in 
Pig.  12,  relate  the  incident  x-ray  flux  to  the  light 
intensity,  or  exposure.  The  dashed  lines  in  Fig.  12 
represent  the  statistical  errors  of  the  data  which  in 
this  case  are  about  tl88.  The  calibrations  are 
linear  over  a  dynamic  range  of  two  orders  of 
magnitude.  The  lower  limit  of  the  ^namic  range  is 
limitad  by  the  sensitivity  of  the  instrument.  The 
upper  limit  is  set  by  target  output  from  this  shot 
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Pig.  9  X-ray  yields  from  the  laser-produced  source 
measured  using  XRD's.  The  top  curves  show  the 
spectral  dependence  of  various  targets  while  the 
lower  curve  shows  the  Z  dependence  of  the  total  x-ray 
yield  in  the  energy  region. 

series.  Data  from  other  experiments  have  shown 
linearity  over  at  least  another  order  of  magnitude. 

During  the  experiments  several  differ^t 
photocathodes  have  been  used.  All  are  300  A  of  Au 
vapor  deposited  on  SO-vg/cm^  thick  carbon  foils. 

No  systematic  variations  between  different  cathodes 
are  observed.  Sensitivity  appears  stable  over 
several  months  and  is  reproducible  within  the  errors 
of  the  measurements. 

The  calibrations  can  be  used  to  infer  the  SXRSC 
instrument  response.  The  mean  energy  and  width  of 
the  three  channels  are  listed  in  Table  I  along  with 
average  photocathode  response,  Rp-  The  average 
photocathode  response  is  calculated  by  averaging 
quantum  efficiencies  measured  by  Henke  at  al.  (17) 
over  the  x-ray  channel  assuming  a  flat  spectrum. 

Using  these  values  the  instrument  response,  a.  Is 
obtained  from  the  total  channel  response  In  Fig.  12 
and  is  listed  in  Table  I.  The  results  relate  film 
intensity  to  electron  current  density  from  the 
photocathode  and  are  given  in  the  final  coliamt  in 
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ig.  10  High  resolution  aeasuregients  illustrating 
he  oaag>licated  structure  froa  sone  targets  in  this 
inergy  region. 


(10"'®  keV/cm2) 

Fig.  11  Calibration  data  for  SXRSC.  Systenatics  in 
the  data  indicate  dependence  on  input  spectra 
although  all  data  cluster  around  a  aean  value  shown 
as  a  solid  line. 


Table  I.  The  values  are  constant  for  the  three 
channels  within  +  2St  as  would  be  expected  if  the 
photocathode  secondary  electron  spectrua  and  angular 
dependence  ere  independent  of  energy  as  discussed  in 
Section  IV.  The  celibrations  can  be  extrapolated  to 
other  x-ray  channels  using  these  values  without 
requiring  each  channel  to  be  calibrated  independently. 

The  instrusMnt's  sensitivity  Can  be  deduced  froa 
the  instruaent  response.  For  a  channel  1  m  wide  and 


Iron  IB10oV-170oV) 


Fig.  12  Calibration  curves  for  the  three  x-ray 
channels.  The  solid  circles  (e)  are  froa  Au  targets 
Irradiated  using  2  uig  (X  •  0.53  yn)  light  and  open 
circles  (o)  using  3  idg  (X  •  0.26  |M)  light.  Soae 
Ti  (A,  b)  and  Be  (a,  □)  data  are  also  plotted. 


with  IS-psec  tiae  resolution  the  ainiaua  aeasurable 
intensity  is  about  20  for  a  100  \m  wide  slit.  For 
a  ■  0.022  this  corresponds  to  a  current  density  of 
900  e~/ca^-ps  froa  that  area  tdiich  translates 
into  about  13  e~  froa  the  photocathode.  This  lower 
liait  approaches  the  Halt  set  by  electron  statistics 
froa  these  Au  cathodes.  Sensitivities  can  be 
increased  by  using  Csl  cathodes  which  have  quantua 
efficiencies  around  one.  Cathode  sensitivities 
greater  than  one  would  not  increase  the  inetruaent 
sensitivity  because  photon  statistics  would  then 
Halt  the  ainiaua  detection  level. 
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TABLE  I 

ANALYSIS  or  THE  TBIEE  CHANNEL  RESPONSES 


E 

(eV) 

OB 

(eV) 

RT1» 

(e'AeV) 

X  10  ^ 

RT)  AEa 

/Int.  -  Dseci, 

a 

f  \ 

(j/keV  -  cm^/^ 
10 

X  10 

[.  e  /cm^  -  psec/ 

210 

79 

6.48 

8.8 

0.028 

+2.2 

+0.002 

395 

254 

2.82 

10.1 

0.022 

+  2.5 

+  .002 

600 

234 

7.20 

19.1 

0.018 

+  3.7 

+  .002 

VII.  QUANTITATIVE  ANALYSIS 

The  calibration  values  in  the  previous  section 
can  be  used  to  reduce  relative  tiae  history  data  to 
average  flux.  As  an  exaaple  the  raw  data  from  a 
representative  Argus  shot  are  analysed,  and  resulting 
absolute  flux  values  for  the  three  energies  are  shown 
in  Fig.  13.  The  data  is  fron  an  Au  disk  irradiated 
with  35  joules  of  0.53  pa  light  with  a  680  ps 
pulse.  These  can  be  suHied  appropriately  to  obtain 
total  x-ray  flux  froa  the  target.  Such  data  can  help 
understand  the  cosipllcated  process  of  laser 
absorption  and  energy  transport  in  laser-fusion 
targets.  By  coupling  the  instruaent  with  better 
resolution  devices  quantitative  detailed  spectral 
studies  can  be  aade. 

VIII.  CONCLUSIONS 

The  SXRSC  is  an  instruaent  which  has 
deaonstrated  fast-tlalng  characteristics,  good 
dynamic  range  and  high  sensitivity  making  it  useful 
for  measuring  fast  x-ray  pulses  such  as  those  from 
laser-fusion  targets.  Efforts  have  begun  to 
absolutely  calibrate  the  instrument  to  make  a 
quantitative  measurement.  Measurements  accurate  to 
*  30t  are  possible  using  the  initial  calibration 
scheme.  The  accuracy  is  limited  by  the  use  of  broad 
band  channels  and  x-ray  diodes  to  monitor  the  source 


Tmia(pssc) 


Fig.  13  Spectral  fluxes  from  a  typical  shot  derived 
using  calibration  values  in  Fig.  12.  The  x-ray  pulse 
is  frost  an  Au  disc  irrsdisted  with  35 J,  680  ps  pulse 
at  2  Wq  laser  light. 


spectra.  Higher  resolution  measurements  of  the 
target  spectrum  may  allow  the  spectral  dependence  bo 
be  unfolded  from  the  data.  Narrower  channel 
definition  would  also  improve  calibrations.  By  using 
x-ray  interference  mirrors  to  define  a  narrow  band  of 
X  rays,  the  dependence  on  the  x-ray  Qtectrum  would 
decrease.  A  more  powerful  calibration  source  is 
needed  to  implement  such  a  scheme.  These 
improvements  could  iaprove  calibrations  so  that  SERSC 
accuracies  could  approach  XRD  measurements.  More 
accurate  flux  monitoring  detectors  are  needed  for 
further  improvement  of  the  calibrations.  For  a  more 
accurate  measurement,  d.c.  calibrations  should  be 
eiq>lored.  Present  state-of-the-art  in  quantitative 
SXRSC  measurements  can  still  prove  valuable  for 
pulsed  x-ray  flux  measurements  and  energy  balwce 
experiments. 
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ARFA  X-RAY  DEIECTORS 
U.J.  Nagel 

Naval  Reaearch  Laboralory,  Washington,  DC  20375 


X-ray  detectors  which  register  the  position  of  photon  arrival  are  widely  used.  Parameters  for  the 
characterization  and  comparison  of  detectors  are  reviewed  prior  to  a  survey  of  the  types  of  available 
area  x-ray  detectors.  Research  opportunities  for  improvement  of  existing  systems  and  development  of 
new  detectors  are  numerous.  Potential  x-ray  projects  involving  adaptation  of  detectors  employed  at 
infrared  and  visible  wavelengths  are  suggested.  The  development  and  characterization  of  x-ray 
detectors  is  a  field  full  of  both  intellectual  challenges  and  practical  applications. 

I.  INTRODUCTION  11.  DETECTOR  CHARACTERIZATION 


Virtually  all  x-ray  work  involves  the  series  of 
components  shown  in  figure  1.  The  primary  devices  are 
(a)  the  source  (photon  emission  or  "birth"),  (b)  the 
optics  (photon  scattering  or  "life")  and  (c)  the 
detector  (photon  absorption  or  "death").  Energy 
must  be  supplied  to  the  source,  occasionally  from 
within,  as  in  the  case  of  stars.  The  detector  sometimes 
serves  as  the  recording  medium  as  well;  consider 
photographic  film.  The  point  is  that  detectors  are 
central  to  all  x-ray  research  and  applications. 


Figure  1.  Components  of  systems  for  x-ray  measurements. 

It  is  often  necessary  to  measure  the  spatial 
distribution  of  an  x-ray  flux  in  order  to  (a)  deter¬ 
mine  the  anisotropy  of  a  source,  (b)  record  the  image 
of  a  source  or  (c)  record  a  spectrum  dispersed  in  space 
(angle)  by  a  grating  or  crystal.  Multiple-discrete  or 
array  or  continuous  detectors  can  be  used  for  such 
measurements.  The  relationship  between  such  detectors 
is  shown  schematically  in  figure  2.  Conceptually, 
discrete  and  area  (array  or  continuous)  detectors 
form  the  "continuum  "  of  possibilities  shown  in  that 
figure.  Hence,  it  is  somewhat  artifical  to  distinguish 
between  discrete  and  area  detectors.  However,  there  is 
a  long  history  of  doing  so  because  of  the  applications 
of  area  detectors  in  Imaging  and  spectroacopy. 


Discrete 


Ordered  Array 


Random  Array 


Continuous  Film 


Figure  2.  X-ray  detectors  vary  geometrically  from 
discrete  devices  (e.g.,  x-ray  diodes)  through  ordered 
arrays  (e.g.,  charge-coupled  devices)  and  random  arrays 
(e.g.,  AgBr  grains  in  film)  to  continuous  films  (e.g., 
photoresists). 

This  paper  has  three  purposes:  (a)  to  examine 
parameters  useful  for  characterization  and  comparison 
of  any  x-ray  detectors,  (b)  to  give  recent  or  general 
references  to  work  on  area  x-ray  detectors  and  (c)  to 
point  out  opportunities  for  research  on  area  x-ray 
detectors.  The  next  three  sections  address  these 
topics.  The  emphaais  here  is  skewed  toward  x-ray 
energies  below  a  few  keV  although  systems  which  detect 
x-rays  above  100  keV  are  also  mentioned.  Areas  of 
application  include  plasma  diagnostics  (1,2),  structure 
analysis,  including  crystallography  (3),  medical  radio¬ 
graphy  (4),  x-ray  lithography  (5)  and  astronomy  (6). 
Intensities  in  these  areas  range  from  bright  plasms  and 
synchrotron-radiation  sources  to  "photon-starved" 
stellar  measurements. 


Regardless  of  photon  energy,  detectors  can  be 
viewed  as  transducers  which  change  x-ray  energy  into  a 
measureable  signal,  including  other  photons  (fluores¬ 
cence),  electrons  (photoemision) ,  ions  (photodesorp- 
tion),  heat,  phase  changes,  defects  or  chemical  changes. 
Whatever  the  response  of  a  detector,  it  is  desirable  to 
know  how  the  ratios  of  response-to-input  vary  as  a 
function  of  photon  energy  (E)  and  intensity  (I).  These 
give  the  range  of  E  and  I  over  which  a  detector  is 
useable.  Sensitivities  of  the  detector  response  to 
spatial  variables  of  position  (x,y)  and  arrival  angles 
(6,(t>),  and  Lime  (1)  variation  are  also  of  interest. 
That  is,  variations  of  the  response  with  E,  x,  y, 6,1)1 
and  t  for  the  full  range  of  intensities  are  wanted.  The 
threshold  for  operation  (7),  linearity,  and  saturation 
are  intensity-dependent  factors. 

The  actual  performance  of  a  detector  is  determined 
by  noise  factors  as  well  as  parameters  associated  with 
the  radiation  field.  Noise  sources  include  variations 
in  the  spatial  and  temporal  arrival  of  x-ray  photons 
("shot"  noise)  as  well  as  noise  introduced  in  the 
detector  and  recording  system  (e.g.,  Johnson  noise  due 
to  effects  of  thermal  fluctuations  on  electron  motion 
and  flicker  or  1/f  noise  related  to  spatialy-localized 
potential  barriers)  (8,9).  The  basic  detector  response 
parameter,  including  consideration  of  noise,  is  the 
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detective  quantum  effeciency  (DUE)  defined  as  (S/N)  out 
2 

over  (S/N)  in  where  S  is  signal  and  N  is  noise  (9,10). 
Very  little  work  has  been  done  on  determining  the  OQE  of 
x-ray  detectors  (11). 

Resolutions  with  respect  to  photon  energy,  posi¬ 
tion,  arrival  angle  and  time  are  needed  to  fully 
characterize  a  detector.  Energy  rbsolution  is  gen¬ 
erally  given  as  AE/E.  Spatial  resolution  can  be  charac¬ 
terized  by  the  point  spread  function  (PSF)  or  modula¬ 
tion  transfer  function  (MTF)  (12).  Only  occasionally 
are  these  quantities  determined  for  x-ray  systems 
(13).  Detector  resolution  with  respect  to  arrival  angle 
is  usually  of  little  inters!  and  rarely  determined. 
Temporal  resolution,  of  great  interest  in  plasma 
diagnostics,  is  measured  with  short  pulses  and  ex¬ 
pressed  in  fractions  of  a  sec  (14). 

Synoptic  treatments  of  the  characteristics  of  long 
wavelength  (9,15-7)  and  x-ray  (10,19)  detectors  are 
available.  The  point  to  be  made  here  is  that  there  is 
little  discussion,  determination,  use  or  comparison  of 
general  characteristics,  such  as  OQE,  PSF  and  MFT,  for 
x-ray  detectors.  Related  and  important  quantities, 
such  as  quantum  effeciency  (S)  and  spatial  resolution 
(in  line  pairs  per  mm),  are  more  commonly  measured. 
Useful  lists  of  detector  and  related  characterstics  have 
been  compiled  (19,2U).  They  include,  in  addition  to  the 
characteristics  already  discussed,  factors  such  as 
detector  size,  unformity  of  response,  dead  time,  digiti¬ 
zation  and  storage  times,  type  of  storage  media,  costs 
of  the  detector  and  recording  systems,  and  special 
operating  characteristics. 

III.  AREA  X-RAY  DETECTORS 

Many  types  of  area  x-ray  detectors  have  already 
been  developed.  The  aim  of  this  section  is  discuss  ways 
to  classify  such  detectors  and  to  provide  references 
where  detailed  information  can  be  found. 

Classification  of  area  detectors  in  problematic 
because  they  operate  on  a  variety  of  physical  prin¬ 
ciples,  generally  contain  many  components,  and  have  a 
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wide  range  of  spectral,  spatial  and  temporal  responae 
characteriatics.  The  various  steps  in  energy  conver¬ 
sion  (e.g.,  x-rays  y  electrons)  have  been  used  to 
classify  longer-wave  length  detectors  (17).  Here,  area 
detectors  are  discussed  first  in  terms  of  their  com¬ 
ponent  functions  and  then  in  terms  of  their  temporal 
and  spatial  characteristics. 

Conversion  of  x-rays  to  light  or  electrons  is  a 
common  function  in  x-ray  area  detectors.  Converters, 
such  as  fluorescers  and  photocathodes,  are  primary 
components  in  detectors.  In  fact,  devices  which  trans¬ 
form  an  x-ray  (or  ultraviolet)  image  to  a  visible  image 
are  called  image  converters.  The  resulting  image  is 
viewed,  or  else  detected  and  recorded  by  conventional 
optical  means.  Multiplication  of  signal  levels  in  often 
accomplished  within  image  converters  and  in  other 
area-sensitive  systems.  Such  gain  can  be  achieved  by 
electron  acceleration  or  by  electron  multiplication. 
Image  intensifer  systems  are  commonly  used  for  work 
at  low  light  levels  in  the  visible  region  (21-3). 
Discussions  of  both  visible  and  x-ray  intenifiers  are 
available  (24-6).  X-ray  intensifiers  are  also  discuss¬ 
ed  separately  (27-8).  Accumulation  of  signal  is 
another  common  function  in  area  detectors.  This  is  the 
case  for  electrons  systems,  such  as  some  TV-based 
devices  and  solid-state  arrays,  as  well  as  familiar 
detectors  such  as  photographic  film. 

The  classification  of  x-ray  detectors  as  active 
(electronic)  or  passive  (non-electronic)  gives  artifical 
emphasis  to  their  time  resolution.  Electronic  detectors 
can  integrate  signals;  consider  a  Si  p-i-n  detector 
with  a  5  nsec  response  time  viewing  0.1  nsec  FWHM  plasma 
emission.  Conversely,  chemical  systems  can  yield  time 
resolution;  x-ray  film  which  takes  minutes  to  develop 
and  read  will  give  the  time  variation  (drift)  in  the 
output  of  an  ordinary  x-ray  machine.  Clearly,  compari¬ 
son  of  the  response  time  of  detector  system  and  the 
scale  of  time  variations  in  a  source  is  relevant. 
Similarly,  classification  of  detectors  as  discrete  or 
continous  is  flawed  since  (a)  there  is  a  smooth  varia¬ 
tion  in  type  (see  figure  1)  and  (b)  the  spatial  resolu¬ 
tion  of  the  detector  must  be  compared  to  the  scale  of 
variations  in  the  incident  x-ray  field.  Despite  these 
factors,  area  detectors  based  on  electronics  (which  tend 
to  be  fast)  and  on  chemical  and  other  effects  (which  are 
slower),  both  continuous  and  discrete,  will  be  discussed 
according  to  these  groupings. 

Three  major  classes  of  electronic  area  x-ray 
detectors  can  be  identified:  (a)  continuous,  such  as  TV 
and  electrophotographic  systems,  (b)  devices  with 
discrete  anodes,  e.g.,  multiwire  proportional  counters 
and  (c)  solid-state  arrays,  such  as  charge-coupled 
devices,  with  discrete  picture  elements  (pixels). 

Several  types  of  detectors  provide  continuous 
spatial  response.  Discussions  of  TV-based  system  can  be 
found  in  the  references  on  image  intensifiers  (24-8) 
An  integrating  TV  system  sensitive  to  x-rays  above  80 
keV  has  been  described  (29).  Electrophotography, 
prominently  including  xerography,  involves  charging  of 
surface  (30).  So  also  does  ionography,  except  that  ions 
instead  of  electrons  are  accumulated  on  a  continuous 
insulator  to  form  a  charge  image  (31).  Closely  related 
is  electrophoresis,  for  which  x-ray  absorption  causes 
particle  motion  within  a  cell,  changing  its  reflec¬ 
tivity  (32-33).  Electronographic  systems,  in  which 
electrons  are  recorded  on  film  or  changed  to  light  for 
recording,  have  been  used  in  the  ultraviolet  (34).  They 
should  be  adaptable  to  the  x-ray  region  by  proper  choice 
of  entrance  windows.  X-ray  framing  cameras  provide  two 
dimenaions  of  spatial  resolution  with  time  responses 
ranging  down  to  0.1  nsec  (35). 

Area  detectors  frequently  employ  anodes.  In 
most  of  them,  the  anodes  are  at  high  potential  to 
provide  electron  gain  in  a  gas.  Multiwire  proportional 
counters  are  now  in  common  use  in  x-ray  scattering  (36) 
and  diffraction  (37-8)  experiments.  Gas  scintillation 
proportional  counters  (39)  can  be  employed  as  area  x-ray 
detectors  (40).  Anodes  may  also  be  placed  after  micro- 
channel  plate  electron  multipliers  (41)  merely  to 


collect  charge  or  to  give  two  dimensions  of  spatial 
information  (42,43).  Spatial  resolution  finer  than 
anode  spacings  can  be  obtained  in  multiwire  proportional 
counters  and  collector-anode  devices  by  electronic 
determination  of  the  centroid  of  collected  charges. 
Such  detectors  are  intermediate  between  systems  with 
continuous  spatial  response  and  separate  pixels. 

Solid-state  arrays  are  mostly  based  on  silicon 
technology,  for  example,  p-i-n  diode  arrays  or  charge 
coupled  devices  (CCD)  (44).  X-rays  may  be  recorded  by 
such  devices  either  by  direct  absorption  or  after 
conversion  to  light.  Diode  arrays,  which  tend  to  be 
noisy,  respond  to  direct  x-ray  absorption  (45,46).  They 
have  also  been  employed  to  sense  light  from  phosphors 
struck  by  X-UV  radiation,  both  without  (47)  and  with 
(48)  intensifiction.  CCDs  are  quieter  than  p-i-n  arrays 
due  to  the  absence  of  connect/disconnect  noise.  They 
respond  to  direct  x-ray  incidence  for  energies  above 
about  1  keV  which  penetrate  the  dead  layer  (49, 5U).  for 
softer  radiation,  back-surface  illumination  of  a  thinned 
device  has  been  employed,  as  in  figure  3  (51-52). 
Recently  a  deep-depleted,  unthinned  CCD  back-illuminated 
with  8  keV  x-rays  demostrated  unity  quantum  effeciency 
(53).  CCDs  have  also  been  used  in  the  UV  region  with 
phosphor  wavelength  shifters  (54-5).  The  employment  of 
solid-state  arrays  for  x-ray  detection  has  been  reviewed 
recently  (56).  A  silicon  charge-injection  array  has 
been  used  in  a  solid-state  TV  system  to  record  X-UV 
radiation  (57).  Pyroelectric  detector  arrays  are  now 
commercially  available,  both  alone  and  in  vidicons. 
Since  single  pyroelectric  detectors  were  found  to 
respond  to  direct  x-ray  incidence  (58),  it  is  expected 
that  arrays  will  behave  similarily.  As  w]'h  Si-based 
arrays,  pyroelectric  devices  will  also  response  to 
fluorescence  due  to  X-UV  absorption. 


X-UV  RADIATION 


Figure  3.  Cross-sectional  schematic  of  a  back-thinned 
charge-coupled  device  useful  For  detection  of  X-UV 
radiation  (51). 

Discussions  of  electronic  x-ray  area  detectors, 
especially  multiwire  systems,  relevant  to  synchrotron 
radiation  work  are  available  (59-61).  Uther  useful 
reviews  of  electronic  area  detectors  for  long  wave¬ 
lengths  (62-3)  and  x-rays  (64)  have  been  published. 

Area  x-ray  detectors  based  on  chemical  and  other 
non-electronic  systems  can  be  classified,  similar 
to  electronic  systems,  according  to  the  continuity  of 
the  recording  surface.  Some  passive  detectors  are 
grainy  (e.g.,  photographic  films)  while  others  are 
essentially  continuous  (e.g,  photoresists).  Brief 
reference  is  made  to  such  area  x-r.:y  detectors  in  the 
remainder  of  this  section. 

Photographic  films  have  a  long  history  of  use  for 
x-ray  recording  (65).  Much  experimental  data  is  avail¬ 
able,  although  there  is  need  for  characterization  of 
new  films,  as  well  as  old  films  over  wider  energy 
ranges.  X-ray  response  of  films  containing  grains  has 
been  modeled  in  order  to  interpolate,  extrapolate  and 
estimate  quantitative  film  response  (66).  AgBr  can  be 
made  in  continuous,  x-ray-sensitive  layers  also  (67). 

Photoresists  consisting  of  organic  and  inorganic 
materials  have  been  studied  primarily  for  x-iay  litho¬ 
graphy.  Urganic  systems  having  wide  ranges  of  sensi¬ 
tivities  and  resolutions  are  available  (68-70).  Hough- 
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76 


exposure  of  Ag  Br  rilms  but  they  offer  up  to  100  times 
better  spstisl  resolution.  Inorgsnic  resists  hsve 
received  little  attention.  Continuous  thin  films 
can  respond  to  the  heat  resulting  from  absorption 
of  sn  intense  x-rsy  pulse.  X-rsys  from  laser-heated 
plasmas  were  observed  to  melt  a  thin  layer  of  lead 
(71).  Pinhole-camera  images  of  x-rays  from  exploded 
Mires  ablated  A1  from  the  surface  of  mylar  (72). 
Systematic  study  of  phase-change  x-ray  area  detectors 
is  needed.  Multiple  as  well  as  single  layer,  films 
might  be  used.  Layers  of  different  absorptions  and 
colors  could  be  prepared,  similar  to  "burn  paper” 
employed  to  determine  isointensity  contours  in  pulsed 
laser  beams.  In  the  absence  of  color  differences, 
chemicallly-sensitive  readout  could  be  used,  for  ex¬ 
ample,  x-ray  fluorescence  or  Auger-electron  spectro¬ 
scopies,  or  some  simple,  color-inducing  technique  such 
as  anodization. 

IV.  RESEARCH  OPPORTUNITIES 

All  the  area  x-ray  detectors  mentioned  in  the  last 
section  are  open  for  further  study  since  their  charac¬ 
teristics  are  usually  poorly  known  and  because  their 
responses  can  be  improved  (e.g.,  the  sensitivity  of 
photoresists).  Some  specific  opportities  were  also 
mentioned,  namely  develoment  of  x-ray  electronography, 
testing  of  the  x-ray  response  of  pyroelectric  detector 
arrays  and  study  of  phase-change  systems.  Many  other 
openings  exist  for  development  of  area  x-ray  detectors, 
notably  for  quiet,  sensitive  and  fast  systems  and. 
Increasing,  for  detectors  to  use  with  bright  plasma  and 
synchrotron-radiation  sources.  Ideas  for  detector 
research  arise  from  the  needs  of  specific  situations  and 
from  knowledge  of  detectors  used  in  neighboring  spectial 
regions.  Many  area  x-ray  systems  employ  devices 
developed  for  imaging  in  and  near  the  visible  region. 
Consider  TV-based  detectors  and  those  employing  solid- 
state  arrays  (p-i-n  and  CCD  systems).  Several  effects 
and  detectors  observed  and  used  at  long  wavelengths, 
which  should  be  adaptable  to  the  X-UV  region,  are 
enumerated  in  the  remainder  of  this  section. 

A  rich  source  of  ideas  for  x-ray  detector  work 
Games  from  research  on  optical  storage  materials  (7}-4). 
Another  relevant  area  is  non-silver  photographic  pro¬ 
cesses  (73-6).  Organic  photochemical  effects  are  also 
potentially  useful  in  the  x-ray  region  (77).  Many 
effects,  with  widely  differenct  characteTistics,  have 
been  tested  and  compared.  They  fall  into  categories 
such  as  electronic,  mechanical,  thermal  and  optical. 
Photoferroelectric  materials,  have  been  demostrated  in 
the  optical  region  (78).  Mechanical  effects  include 
photoelasticity  (79)  and  light-induced  expansion  (80). 
These  effects  should  carry  over  into  the  x-ray  region. 

Many  thermal  effects  due  to  photon  absorption 
observed  and  used  in  the  optical  region  may  be  appli¬ 
cable  to  x-rays.  Effects  and  techniques  can  be  classi¬ 
fied  according  to  the  temperature  rise  and  physical 
changes  induced  by  absorption.  Optical  detection  of 
infrared  radiation  with  commerical  thermal  scanners  is 
one  possibility.  Another  is  the  use  of  a  probe  beams 

(81) .  Thermoplasticity  is  another  effect  of  interest 

(82) .  Melting  of  organic  and  inorgsnic  films  has  been 
employed  for  image  recording  at  long  wavelengths. 
Initial  tests  in  which  x-ray  absorption  caused  phase 
changes  (71-2)  should  be  followed  by  systematic  calculs- 
tional  and  experimental  studies  aimed  at  evaluating  the 
practicstity  of  thermal  recording  of  intense  x-rays. 

Many  optical  effects  have  been  employed  for  image 
recording  at  long  wavelengths.  Photopolymers  (77,8J) 
and  inorganic  photochromies  (84)  should  be  tested  in  the 
x-ray  region.  Creation  of  color  centers  in  crystalline 
and  glassy  materials  due  to  x-rsy  absorption  is  well 
known.  However,  such  effects  have  not  been  studied  for 
the  purpose  of  developing  area  x-ray  detectors.  Many 
particular  optical  systems  should  also  respond  to 
x-rays,  for  examples,  sensitized  gelatins  (83).  Phos¬ 
phorescence  in  minerals,  sometimes  excited  by  ultra¬ 
violet  radiation,  might  be  a  useful  area  x-ray  detector 


for  synchrotron-radiation  beams.  It  would  fade,  allow¬ 
ing  reuse  of  the  materials.  An  optical  device  based  on 
liquid-crystal  behavior  might  provide  a  fast-responae, 
erasble  system  for  x-ray  imaging.  An  adaptation  of  the 
visible  system  (87)  is  shown  in  figure  4.  The  original 
glass  entrance  window  might  be  replaced  with  x-rsy 
transmissive  Be  or  mylar.  The  layers  within  the  device 
total  only  about  12  m  in  thickness,  excluding  the 
window  and  glass.  Another  possible  optical  system  could 
involve  recording  the  light  from  electron  avalanches  in 
proportional  counters.  For  example,  the  near-anode 
region  could  be  imaged  onto  a  CCD  to  provide  both 
spatial  and  temporal,  and  possibly  spectral,  sensi¬ 
tivity. 

Undoubtedly,  many  other  possibilities  for  adapta¬ 
tion  and  modification  of  detectors  useful  at  long 
wavelengths  exist.  Books  on  detectors  of  infrared  and 
optical  radiation  are  useful  sources,  both  directly 
because  x-ray  detection  often  involves  optical  techni¬ 
ques  and  indirectly  because  detectors  made  for  lower- 
energy  photons  commonly  respond  to  x-rays  (87-90). 


SOFT  X-RAYS 

Figure  4.  Potential  area  x-ray  detector  based  on  use 
of  a  liquid  crystal  light  valve.  The  design  follows 
from  a  device  employed  at  visible  wavelength  (86). 

V.  CONCLUSION 

X-ray  detectors  in  general  and  area  detectors  in 
particular  relate  to  many  areas  of  research  and  applica¬ 
tion.  They  are  especially  relevant  to  the  identifiable 
fields  of  dosimetry,  photometry  and  radiometery.  Area 
detectors  involve  concerns  with  the  recording,  analysis 
and  display  of  images,  an  active  area  of  research  in 
optics  generally. 

While  work  with  x-ray  delectors  can  be  viewed  as 
only  a  means  to  an  end,  it  has  its  own  challenges  and 
pleasures.  Extensive  knowledge  of  optics,  solid-state 
physics  and  gaseous  electronics  is  needed  to  understand 
and  advance  x-rsy  detection.  For  electronic  detectors, 
intimacy  with  problems  such  as  noise,  as  well  as  with 
curcuits,  in  needed.  Because  x-ray  detection  can  be 
viewed  as  transduction  of  information  from  x-rays  to 
some  other  form,  aspects  of  communications  theory  are 
relevant  to  full  understanding  of  x-ray  detectors.  The 
development  and  characterization  of  x-ray  detectors  can 
be  an  exciting  intellectual  activity  as  well  as  being 
demonstrably  important. 
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ABSTRACT 

For  many  years,  thln-wlndow,  single-wire  gas  proportional  counters  were  the  only  general- 
purpose  detectors  available  for  nondtsperslve  spectroscopy  of  low  energy  X-rays.  Their  large 
area,  low  background,  and  coarse  energy  resolving  capabilities,  combined  with  their  low  cost, 
long  lifetime,  and  ease  of  operation,  made  them  the  workhorse  Instrument.  During  the  last 
decade,  solid  state  detectors  and,  more  recently,  gas  scintillation  proportional  counters,  have 
slowly  replaced  the  standard  gas  proportional  counter  In  many  applications.  Small  area  (0.2 
cm^)  SI (LI)  detectors  with  150  eV  of  FWHM  noise  have  been  used  for  fluorescence  spectroscopy 
above  1  keV.  However,  their  small  area  and  cryogenic  operation  make  these  detectors  less  than 
ideal.  Moreover,  the  noise  In  the  associated  electronics  make  these  detectors  useless  below 
0.4  keV.  Gas  scintillation  proportional  counters  have  now  been  developed  to  the  point  where 
they  are  the  Instrument  of  choice  below  1  keV.  Large  area  (>100  cra^)  counters  with  high  sen¬ 
sitivity  and  low  noise  may  be  made  relatively  easily  and  inexpensively.  Resolution  sufficient 
to  separate  the  nitrogen  and  oxygen  K-f luorescence  lines  have  been  achieved.  Used  with  micron 
thin  polypropylene  windows,  these  counters  have  achieved  57Z  (FWHM)  resolution  at  149  eV  sulfur 
L  line.  In  addition,  we  have  demonstrated  that  submllllmeter  Imaging  Is  possible  with  the 
gas  scintillation  proportional  counter  attached  to  a  multiwire  proportional  counter.  This 
paper  will  concentrate  on  a  discussion  of  the  principle  of  operation  and  design,  and  achieved 
levels  of  performance  for  the  gas  scintillation  proportional  counter.  Where  appropriate,  their 
operation  and  performance  will  be  compared  to  standard  gas  proportional  counters  and  solid 
state  detectors. 


I.  INTRODUCTION  II.  CONVENTIONAL  GAS  PROPORTIONAL  COUNTERS 


The  detection  of  low  energy  X-rays  depends  on  the 
absorption  of  the  Incident  photon  by  an  atom,  releasing 
an  electron  carrying  some  fraction  of  the  X-ray  energy. 
This  electron  may  generate  secondary  electrons  which 
can  be  detected  as  an  electrical  signal,  or  visible  or 
UV  llgt  *:  which  can  be  detected  In  a  photomultiplier  tube 
or  photolonlzatlon  detector.  The  detection  of  X-ray 
photons  at  an  energy  below  ~2  keV  poses  several  unique 
challenges.  One  problem  is  absorption  of  the  X-ray 
photon  by  the  detector  window.  The  probability  of  a 
flux  I  surviving  from  an  Initial  value  of  lo  after 
traversing  a  distance  x  (cm)  In  a  material  of  density 
p  (gm/cm^)  is 

I  •  I,  exp[-upxl  (1) 

where  p  Is  the  mass  absorption  coefficient  In  cm^/gm. 
The  photoelectric  absorption  cross  section  decreases 
with  approximately  the  -8/3  power  of  the  photon  energy 
and  with  the  fourth  power  of  the  atomic  number.  There¬ 
fore,  low  energy  X-ray  windows  must  be  made  from  very 
thin,  low  Z  material.  An  additional  problem  Is  that  the 
charge  or  light  signal  generated  In  the  capture  of  low 
energy  X-rays  is  generally  quite  small  so  that  some  am¬ 
plification  Is  required  before  the  signal  may  be  re¬ 
corded  or  used.  The  small  number  of  primary  Interac¬ 
tions  also  result  In  large  fluctuations  In  the  mean 
energy  recorded  for  the  X-ray  photon.  At  energies  be¬ 
low  SO  eV,  the  noise  relative  to  the  signal  becomes  so 
large,  and  the  attenuation  of  the  window  so  high,  that 
for  all  practical  purposes  detection  becomes  impossible. 
He  therefore  restrict  ourselves  to  a  discussion  of  the 
detection  of  X-ray  photons  between  0.05  and  2  keV. 

Three  types  of  Instruments  are  currently  available 
for  nondlsperslve  spectroscopy  of  low  energy  X-rays: 

(1)  conventional  gas  proportional  counters  (PC) ; 

(2)  gas  scintillation  proportional  counters  (GSPC) ; 
and  (3)  solid  state  detectors  (SSD) .  We  shall  briefly 
outline  the  principle  of  operation  of  each  type  of 
detector  and  the  advantages  and  disadvantages  of  their 
use  In  various  applications.  We  shall  concentrate  our 
discussion  on  the  operation  and  design  of  the  GSFC 
since  we  believe  that  it  has  the  greatest  promise  for 
low  energy  X-ray  detection. 


The  gas  proportional  counter  (PC)  is  the  most 
commonly-used  Instrument  for  low  energy  X-ray  detection, 
Its  design  and  operation  have  been  widely  discussed  by 
many  euthors.'*^  In  Its  simplest  form,  the  PC  consists 
of  a  thin  wire,  comnonly  5-25  u  tungsten,  mounted  along 
the  axis  of  a  metal  cylinder  filled  with  an  inert  gas 
maiulalned  at  a  pressure  of  1  atm.  (Fig.  1).  An  X-ray 
window  made  from  micron  thin  polypropylene  or  some 
other  type  of  organic  film  is  used  to  cover  an  entrance 
In  the  side  of  the  grounded  cylindrical  body.  A  posi¬ 
tive  potential  of  1-3  kV  Is  applied  to  the  central  wire 
via  a  resistance  of  10-100  MO.  A  low  noise,  charge 
sensitive  preamplifier  Is  used  to  record  the  charges 
collected  on  the  anode  wire. 


FIG.  1  -  Schematic  diagram  of  a  conventional  gas 
proportional  counter. 


A.  Principle  of  Operation 

Low  energy  X-ray  photons  passing  through  the  win¬ 
dow  interact  with  atoms  in  the  gas  via  the  photoelec¬ 
tric  process.  An  Incident  photon  E^,  Interacts  with  an 
inner  shell  electron  causing  It  to  oe  ejected,  leaving 
the  atom  in  an  excited  state.  If  we  denote  the  energy 
of  the  the  jth  shell  by  Ej,  photoelectric  absorption  by 
the  jth  shell  results  in  the  emission  of  a  photoelec¬ 
tron  of  energy  Ee  •  -  Ej .  The  excited  atom  can 

return  to  Its  ground  state  via  either  the  emission  of 
a  fluorescence  photon,  or  the  ejection  of  an  Auger 
electron.  The  electrons  released  In  this  process  are 
slowed  down  by  further  Ionizing  collisions  with  other 
gas  molecules  until  all  the  energy  of  the  Incident 
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photon  is  deposited  in  the  counter.  In  the  case  of 
fluorescence,  the  secondary  photon  emitted  at  an  energy 
just  below  the  absorption  edge  has  a  very  long  mean 
free  path  and  may  escape  from  the  detector  volume.  The 
energy  deposited  in  the  counter  in  such  a  case  is  Ex-Ej^,, 
where  Ei^  is  the  energy  of  the  edge.  The  probability  of 
such  a  process  occurring  and  producing  an  “escape  peak" 
is  a  function  of  the  fluorescence  yield  and  counter 
geometry.  The  fluorescence  yield  Increases  with  atomic 
number  and  is  highest  for  the  K-shell  electrons. 

The  number  of  primary  electron-ion  pairs  created 
in  this  process,  n,  is  proportional  to  the  energy  of 
the  incident  X-ray.  The  mean  energy  to  create  an  ion 
pair  U  =  Ex/n  is  on  the  order  of  25  eV.  Thus,  a  1  keV 
photon  will  generate  about  40  electrons.  The  fluctua¬ 
tion  in  the  number  of  pairs  created  in  each  event  is, 
in  general,  smaller  than  that  expected  from  Poisson 
statistics.  Fano^  showed  that  the  variance,  instead  of 
beln|  n,  is  given  by  Fn,  where  F  is  on  the  order  of 
0.2.  Mixtures  of  gases  where  the  excited  atoms  of  the 
main  gas  are  able  to  ionize  the  atoms  of  the  minor  gas 
(Penning  mlxtur^)  can  yield  quite  low  Fano  factors.  A 
value  of  F=0.05,  calculated  for  a  mixture  of  neon  plus 
0.5%  argon,  along  with  a  value  of  W  =  25.3,  suggest  that 
a  resolution  of  8.4%  (FWHM)  is  possible  at  1  keV.  The 
only  problem  is  that  available  charge  sensitive  pream¬ 
plifiers  cannot  detect  40  electrons  above  the  noise; 
generally,  several  hundred  electrons  are  required  for 
detection. 


To  deal  with  this  limitation,  conventional  propor¬ 
tional  counters  accelerate  the  electrons  in  a  high 
field  region  after  photoelectric  capture.  These  ener¬ 
getic  electrons  excite  other  atoms  to  emit  secon¬ 
dary  electrons.  In  this  manner,  a  single  electron  can 
give  rise  to  10®  electrons.  The  charge  multiplication 
factor 


M  =  exp 


a(r)  dr] 


(2) 


is  a  function  of  a,  the  first  Townsend  coefficient,  r^, 
the  anode  radius,  and  r^,  the  cathode  radius.  The  first 
Townsend  coefficient  is,  in  general,  a  complicated  func¬ 
tion  of  the  electric  field  but  can  be  approximated  by 


a  •=  pA  exp  (-Bp/E) 


(3) 


this  configuration  is  a  maximum  at  the  surface  of  the 
central  anode  wire  and  decreases  as  1/r  toward  the 
cathode.  Using  thin,  5lJ  diameter  wires,  very  high 
fields  can  be  obtained  close  to  the  anode.  Multiplica¬ 
tion  occurs  in  a  narrow  region  of  a. few  wire  diameters 
around  Che  anode.  All  the  electrons  are  collected  in 
a  few  nanoseconds  while  it  takes  several  hundred  nano¬ 
seconds  for  the  ions  to  drift  to  Che  cathode  and  full 
charge  collection  to  occur.  At  low  high  voltages,  the 
total  charge  collected  is  roughly  constant  -  this  is  the 
ionization  chamber  regime.  Above  a  certain  threshold 
voltage,  the  electric  field  close  to  the  surface  is  suf¬ 
ficiently  large  to  cause  charge  multiplication  -  this  is 
the  proportional  chamber  mode.  For  the  cylindrical 
geometry,  the  charge  gain  for  voltages  much  above  the 
threshold  voltage  is  roughly  an  exponential  function  of 
the  reduced  electric  field  (E/p) .  For  charge  gains  less 
than  lO®,  the  total  charge  collected  is  proportional 
to  the  energy  deposited.  At  still  higher  voltages,  the 
chamber  can  only  maintain  limited  proportionality  be¬ 
fore  breaking  down  completely  at  charge  gains  of  10® . 

In  practice,  imperfections  in  the  anode  wire  and  con¬ 
sequent  distortions  in  the  electric  field  may  limit  the 
ultimate  charge  gain  and  result  in  nonuniform  gain  res¬ 
ponse  along  the  wire. 

For  low  energy  X-ray  detection,  the  entrance  win¬ 
dow  must  be  made  as  thin  possible.  Submlcron 
stretched  polypropylene  film,  as  well  as  cast  lexan 
film,  have  been  used  with  some  success.  Twenty  to  fifty 
percent  transmission  has  been  achieved  at  0.1  keV  with 
these  films.*’®  The  inner  surface  of  the  film  may  be 
made  conductive  by  coating  it  either  with  aluminum  or 
carbon.  The  best  of  such  thin  films  leak  at  rates  on 
the  order  of  lO”®  cm*  atm  sec”'  cm”*.®  Given  the  ex¬ 
ponential  dependence  of  charge  gain  on  the  pressure, 
an  active  flow  and  regulation  system  must  be  used  to 
maintain  pressure  and  gas  composition  for  extended 
stable  operation.  The  counter  need  not  be  exceptionally 
clean  in  this  mode,  although  the  presence  of  electro¬ 
negative  gases  such  as  oxygen  and  water  vapor  should  be 
avoided.  Otherwise,  electron  attachment  will  take 
place,  greatly  reducing  the  mobility  of  the  negative 
charges.  In  this  event,  the  charge  gain  and  the  energy 
resolution  may  be  severely  degraded.  Other  than  this 
general  proviso,  almost  any  gas  may  be  used  in  the  PC. 
The  properties  of  a  variety  of  PC  gases  are  summarized 
in  Table  1.  Noble  gases  are  usually  chosen  because 


where  A  and  B  are  two  characteristic  constants  of  the 
gas  and  p  is  the  pressure  of  the  gas.®  Charge  multipli¬ 
cation  introduces  additional  fluctuations  into  the 
total  number  of  electrons  collected.  Alkhazov®  has 
shown  that  the  additional  variance  factor  f,  in  the 
case  of  low  electric  fields,  is  well  approximated  by 

f  -  (1  -  1/M]  f,  (4) 

Here  fg  depends  on  E/p  and  the  type  of  gas  used  -  it 
approaches  1  for  large  values  of  E/p.  The  total  rela¬ 
tive  fluctuation  in  the  measured  energy  a£j^,for  an  in¬ 
cident  X-ray  of  energy  E^,  is  then  given  by 

-  [(F  +  flW/Ex)]**  (5) 

The  energy  resolution  is  thus  dominated  by  f  at  high 
charge  gains  but  approaches  the  limit  set  by  F  at  low 
charge  gains.  Several  workers  have  tried  to  exploit 
'  the  good  energy  resolution  at  low  charge  gains.  An 
energy  resolution  of  10.7%  (FWHM)  at  6  keV  has  been  ob¬ 
tained  with  a  metastable  Penning  mixture  of  Ne-Ar  ope¬ 
rating  at  charge  gains  less  than  100.®  In  general, 
without  special  low  noise  charge  sensitive  preampli¬ 
fiers,  the  best  energy  resolution  achievable  is  16% 
(FWHM)  at  6  keV. 

B.  Design  Considerations 

The  cylindrical  coaxial  geometry  shown  in  Figure 
1  can  be  applied  to  most  PC's.  The  electric  field  in 


TABLE  1 


Properties  of  Common  Detector  Material 


Gas 

E 

ex 

eV 

"l 

eV 

W 

r 

calc 

He 

19.8 

24.6 

42.8 

0.17 

Nz 

8.1 

15.5 

36.0 

Ne 

16.6 

21.6 

36.2 

0. 17 

kX 

11.5 

15.8 

26.2 

0.17 

Kr 

9.9 

13.9 

24.3 

Xe 

8.3 

12.1 

21.9 

COj 

5.2 

13.7 

34.2 

CH, 

13.1 

29.8 

TEA 

7.5 

TMAE 

5.4 

Ne-Ar 

16.6 

15.8 

25.3 

0.05 

Ar-TMAE 

21.9 

SI 

1.1 

3.6 

0.07-0.11 

Ge 

0.5 

2.9 

0.09-0.21 

MiCRgpOPY  RESOLUTtON  TEST  CHART 

NMIONAL  BUREAU  OF  STANDARDS- 1%3-A 


80 


avalanche  aultlpllcatlon  takea  place  at  lucb  lower 
voltages  In  these  gases  than  in  gases  with  cowplex 
aolecular  structure.  PCs  filled  with  noble  gases  way 
becoM  unstable  at  charge  gains  exceeding  10*  due  to 
the  ejection  of  late  electrons  froa  the  wire  by  DV 
photons  froa  the  avalanche  or  by  excited  Ions  Interact¬ 
ing  with  the  ehaaber  walls.  The  addition  of  S-IOZ  of  a 
quench  gas  such  as  aethane  or  carbon  dioxide  will  ab¬ 
sorb  aost  of  the  unwanted  UV  photons,  deexclte  the  Ions, 
and  stabilize  the  avalanche.  Charge  gains  In  excess  of 
10*  aay  then  be  obtained  before  discharge.  One  draw¬ 
back  to  the  use  of  quench  gases  Is  that  soae  of  the 
aolecules  aay  polyaerlze  after  extended  exposure  to 
ionizing  radiation  and  c  at  the  cathode,  preventing  the 
laaediate  collection  of  Ions.  Under  high  radiation 
flux  operation,  the  density  of  charges  enveloping  the 
insulated  cathode  Is  so  high  that  continuous  discharg¬ 
ing  aay  occur.  When  this  happens,  the  counter  auat  be 
disasseabled  and  the  cathode  thoroughly  recleaned. 

While  single  anode,  cylindrical  proportional 
counters  still  find  use,  auch  of  the  work  In  recent 
years  has  dealt  with  aultlwire  proportional  counters 
(MWPC).  These  devices  have  found  wide  application 
since  the  original  work  of  Charpak  and  hla  group  at 
CERM.**’**  Detailed  discussions  of  these  position- 
sensitive  counters  aay  be  found  elsewhere  In  these 
Proceedings.  We  shall  only  briefly  discuss  the  MWPC 
as  we  have  applied  It  to  the  CSPC  In  the  following 
section. 

III.  GAS  SCIHTIIXATION  PROPORTIOHAL  COUHTERS 

Gas  scintillation  proportional  counters  (GSPC) 
were  originally  developed  by  Griin  and  Schopper‘*  wore 
than  30  years  ago  but  did  not  cone  Into  wide  use  until 
Pollcarpo  and  his  colleagues  stlmilated  their  revival 
In  the  early  seventies.  The  results  froa  this  and 
other  early  work  are  sussurized  In  a  1977  review  paper 
by  Policarpo.**  Several  different  variants  of  the  in- 
struzKnt  were  developed.  Three  basic  geoaetrlea  were 
atteapted:  (1)  spherically  syaaetrlcal  fields  supplied 
by  a  ball  anode  in  a  spherical  ehaaber;  (2)  radial 
fields  supplied  by  a  coaxial  anode  In  a  cylindrical 
ehaaber;  and  (3)  unlfora  fields  supplied  by  a  set  of 
parallel  grids.  A  scheaatlc  of  a  parallel  grid  GSPC  Is 
shown  In  Figure  2.  A  ssull  thin  foil  window  peralts 
the  X-rays  to  enter  a  cylindrical  glass  ehaaber  filled 
with  1  ata  of  hlgh-purlty  xenon.  Two  transparent  aesh 
electrodes  divide  the  gas  volune  Into  three  regions. 

The  X-rays  are  absorbed  In  a  deep  drift  region  (A). 
Under  the  Influence  of  a  very  weak  field,  the  photo¬ 
electrons  ejected  in  the  process  of  absorption  are 
pulled  Into  a  high  field  region  (B)  where  they  can  gain 
enough  energy  to  excite  other  atow  to  radiate.  A 
third  section  (C)  Is  provided  to  Isolate  the  quartz  UV 
exit  window  froa  the  high  field  region.  The  UV  light 
that  is  produced  Is  then  viewed  by  a  photomltlpller 
Cube  (PKT). 


FIG.  2  -  Scheswitlc  dlagraa  of  a  parallel  plate 
gas  scintillation  proportional  counter. 


A.  Principle  of  Operation 

The  GSPC  operates  on  the  principle  of  detecting 
the  light  associated  with  Che  capture  of  X-ray  photons. 
As  the  atoBS  In  the  noble  gas  deexclte,  they  radiate 
photons  In  the  ultraviolet  region  of  tte  spectria.  The 
spectral  distribution  of  the  UV  light  ewltced  Is  shown 
In  Figure  3  for  scintillation  In  argon,  krypton,  and 
xenon  gas.**  The  nwber  of  UV  photons  associated  with 
the  primary  absorption  process  Is  usually  too  small  to 


PIG.  3  -  Spectrum  of  light  emitted  from  pure  noble 
gases. 

be  detected  for  low  energy  X-rays.  Under  the  Influence 
of  a  weak  electric  field,  the  primary  electrons  may 
gain  enough  energy  between  collisions  Co  produce  fur¬ 
ther  excitations  of  the  medium.  Below  a  certain  thresh¬ 
old,  electric  field  Eg,  light  aapllfication  Is  not 
possible;  above  a  certain  electric  field  Ej,  charge 
multiplication  begins  to  play  a  role.  Between  E,  and 
E]  the  light  amplification  is  essentially  a  linear  func¬ 
tion  of  the  field  and,  at  Ei ,  Is  close  to  lOOZ  effi¬ 
cient.**’  **’  *^  The  critical  values  of  Eg  and  Ej  are 
900  and  3300  V/cm  for  krypton,  and  70C  and  6300  V/cm 
for  xenon.** 

A  counter  operated  in  the  electric  field  regime 
below  El  does  not  suffer  from  the  energy  fluctuations 
associated  with  charge  multiplication.  Thus,  in  theory, 
the  energy  resolution  predicted  by  the  Fano  factor 
should  be  achievable.  In  practice,  the  energy  resolu¬ 
tion  is  also  limited  by  the  statistics  of  the  light  de¬ 
tection  process.  If  a  FMT  Is  used  to  detect  N  photons 
associated  with  each  X-ray  event,  the  energy  resolution 
Is 

Oj^/Ejg  -  t(F  +  f)W/E,  +  K/(K  -  DN]'*  (6) 

where  X  •  7  -  10  is  the  gain  of  the  first  dynode  of  the 
PHI.  N  Is  a  function  of  N,,  the  number  of  UV  photons 
generated  and  the  geometry  of  the  counter.  N  can  be 
calculated  from 

N-  I(^)(AV)(|))  (7) 

where  A  is  the  solid  angle  Intercepted  In  steradlan 
measure,  AV  Is  the  potential  drop  across  the  grids  In 
the  GSPC,  U  Is  the  mean  energy  required  to  generate  a 
UV  photon  with  efficiency,  e,  tg,  and  t,  are  the  trans¬ 
mission  efficiencies  of  the  UV  window  and  the  meshes, 
and  c_  Is  the  quantum  efficiency  of  the  UV  detector. 

The  expression  within  the  brackets  is  M,  which  depends 


on  the  nature  of  the  gas.  In  general,  the  presence  of 
even  a  minute,  ppm  amount  of  water  vapor,  methane,  or 
any  organic  molecule,  strongly  quenches  the  noble  gas 
scintillation,  mainly  due  to  their  strong  absorption  of 
UV  photons  and  their  subsequent  deexcltatlon  by  non- 
radlatlve  collisions.  It  Is  thus  Imperative  that  the 
purity  of  the  gas  be  maintained  at  all  times  with  some 
form  of  getterlng  device. 

Equations  6  and  7  suggest  that  to  obtain  good 
energy  resolution,  one  needs  to  maximise  the  solid 
angle  Intercepted  and  the  quantum  efficiency  of  the  UV 
detector.  PMTs  cannot  be  obtained  In  very  large  sixes. 
Their  small  slze(-125  nm  dla.)  limit  the  useful  X-ray 
detection  area  of  the  GSPC  since  the  solid  angle  Inter¬ 
cepted  Is  not  only  small  but  changes  as  the  position  of 
the  Incident  X-ray  Is  moved  across  a  wide  X-ray  window. 
Attempts  to  focus  the  electrons  Into  a  small,  well- 
defined  light  producing  region  have  helped  to  reduce 
the  pK>unt  of  light  fall-off  near  the  edge  of  the  coun¬ 
ter.**’**  An  additional  problem  with  PMTs  Is  that  their 
quantum  efficiency  at  UV  wavelengths  Is  rather  poor, 
and  much  work  was  done  originally  with  wavelength 
shifters  Inside  the  counter  which  often  created  more 
problems  In  terms  of  purity  and  stability  than  they 
solved. 

Hore  recently,  Pollcarpo  has  suggested  substitut¬ 
ing  a  photolonlzatlon  detector  (PID)  for  the  PMT.^°  In 
order  for  such  detectors  to  work,  a  gas  with  a  suitably 
low  Ionization  potential  Is  required.  Trlethylamlne 
(TEA)  with  an  Ionization  potential  of  7.S  eV  was  ori¬ 
ginally  suggested  by  Charpak,  Pollcarpo,  and  Saull.^* 
Subsequently,  Anderson  **  discovered  Tetrakls  (Dlmethyl- 
amlno)  ethylene  (TMAE)  with  an  Ionization  potential  of 
5.4  eV  Is  best  matched  for  xenon  emission.  If L denotes 
the  ratio  of  the  number  of  primary  Ion  pairs  created 
in  the  PID  In  the  capture  of  UV  photons  generated  by  an 
X-ray  of  energy  Interacting  In  the  GSPC  to  the  num¬ 
ber  of  primary  Ion  pairs  created  In  the  direct  capture 
of  the  X-ray  In  the  PlD,  the  combined  energy  resolution 
of  the  two-stage  device  Is  then  given  by 

Og^/E*  -  ((P  +  fi)W,/E^  +  (1  +  fj)Wj/LE*J**  (8) 

Here  H|  and  H2  are  the  mean  energies  required  to  create 
an  electron-ion  pair  In  the  GSPC  and  the  PID,  respec¬ 
tively,  and  f,  and  fj  are  the  charge  multiplication 
factors  for  the  two  stages.  Compared  to  the  PHT,  the 
solid  angle  of  UV  photons  Intercepted  by  a  large  area 
PID  Is  considerably  larger  -  approaching  2ti.  The  only 
question  Is  whether  the  quantum  efficiency  is  improved. 

Some  work  on  the  Ionization  properties  of  TMAE, 
TEA,  and  other  low  Ionization  potential  gases  have  now 
been  done.  Early  results  suggest  that  the  quantum  ef¬ 
ficiency  of  TMAE  absorption  of  UV  photons  generated  by 
xenon  and  krypton  Is  very  efficient  -  on  the  order  of 
60X  or  higher**’^*’**  -  considerably  higher  than  the 
20Z  or  so  found  for  blalkall  photocathodes  to  xenon 
light  (see  Figure  4).  The  only  drawback  to  TMAE  Is 
that  TMAE  vapor  pressure  at  room  temperature  Is  only 
0.35  torr  and  the  1/e  absorption  depth  In  TMAE  for  xenon 
light  Is  23  mm  at  20*C.^*  A  deep  absorption  region 
Is,  therefore,  required  In  a  TMAE  PID.  TEA  Is  found  to 
have  much  higher  vapor  pressure  at  room  temperature  and 
the  effective  absorption  length  Is  approximately  30 
times  shorter.  TEA,  however,  cannot  be  used  to  detect 
xenon  light  and  Its  Integrated  quantum  efficiency  for 
krypton  light  Is  about  a  factor  of  two  lower  than  that 
of  TMAE.  The  quantum  efficiency  of  TMAE  for  argon 
scintillation  has  not  yet  been  determined,  but  It  Is 
estimated  to  be  greater  than  lOZ.  The  addition  of  a 
small  amount  of  xenon  can  shift  argon  light  to  lower 
frequencies,  permitting  more  efficient  detection  with 
TEA  or  TMAE.^’  The  use  of  an  argon-xenon  mixture  may 
also  improve  the  energy  resolution  due  to  the  existence 
of  a  nonmetastable  Penning  effect,*'  reducing  the  Fano 
factor. 


X(A) 

FIG.  4  -  Quantum  efficiency  of  ^  sensitive 
gases  and  transparency  of  UV  windows. 


The  use  of  the  PID  has  also  permitted  a  more  ac¬ 
curate  determination  of  the  quanttmi  efficiency  of  the 
llght-productlon  process  In  pure  noble  gases  since  the 
major  uncertainty  -  glass  windowed  PMTs  and  wavelength 
shifters  -  has  been  eliminated.  Recent  results  suggest 
that  the  quantum  efficiency  of  the  photon  generation 
process  in  pure  noble  gases  Is  quite  high.  A  scintil¬ 
lation  efficiency  of  (97  +  20)Z  has  been  measured  for 
krypton.**  He  suspect  that  the  scintillation  efficiency 
for  xenon,  contrary  to  several  earlier  measurements, 
is  ereater  than  50Z  -  also  apnroachlnx  lOOZ.  These  re¬ 
sults  suggest  that  the  number  of  photons  generated  Is 
close  to  the  energy  acquired  In  the  electric  field  of 
the  light-producing  region  by  the  electron,  divided  by 
an  energy  close  to  the  average  energy  of  the  photon 
emitted  (U  ■  10.2  eV  for  krypton  and  U  •=  8.7  eV  for 
xenon).**  Given  such  h'*  h  quantum  efficiencies  for 
both  UV  photon  generation  and  capture,  equations  7  and 
8  with  L  •  NW2/EX  predict  that  an  energy  resolution  of 
better  than  7Z  (FHW)  should  be  achievable  at  6  keV. 

B.  Further  Design  Considerations 

Many  Improvements  have  been  made  In  the  design 
of  GSPCs  In  the  last  5  years,  which  have  extended  the  ~ 
usefulness  of  the  instruamnt  to  several  different 
branches  of  science.  Construction  and  purification 
techniques  have  been  Improved  to  such  a  stage  that  7.5Z 
(FHHM)  spectral  resolution  has  been  achieved  at  6  keV.* 
Much  effort  has  been  expended  by  several  groups,*’’’****, 
including  ours’*’”  to  extend  the  useful  spectral  range 
of  the  GSPC.  These  efforts  have  deannstrated  that  the 
GSPC  Is  linear  and  maintains  its  good  energy  resolution 
from  0.1  to  120  keV.  Figure  5  shows  the  kind  of  spec¬ 
tral  resolution  achievable  at  low  X-ray  energies. ’ 
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FIG.  5  -  Measured  energy  resolution  of  GSPC  at 
boron-K  (60Z  FHHM)  and  oxygen-K  (27Z  FHHM). 
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Various  efforts  to  focus  the  primary  electrons  generated 
by  X-rays  captured  over  a  wide  window**’ nave  culmi¬ 
nated  In  the  construction  of  conical  GSFCs  with  uniform 
gain  and  energy  resolution  over  several  hundred  square 
centimeters  of  area*  Work  done  with  pulse  shape  analy¬ 
sis**’*^  has  shown  that  charged  particles  may  be  dis¬ 
tinguished  from  X-ray  events  by  dlfferencens  In  the 
times  required  for  total  light  collection.  X-rays 
have  a  well-defined,  narrow,  rise-time  spectrum  (widths 
narrower  than  lOZ  have  been  achieved)  compared  to  a 
generally  broad  distribution  for  charged  particles. 
Background  rejection  efficiencies  of  97Z  have  been  re¬ 
ported.’*  Large  area  GSPCs  have  also  been  used  success¬ 
fully  In  fast  timing  applications  where  time  resolutions 
of  0.1  ps  have  been  achieved,**  as  well  as  In  high  flux 
situations  where  rates  of  90  KHz  have  been  obtained 
without  significant  peak  shifts.**  More  recently, 
several  groups  have  demonstrated  that  millimeter  spatial 


resolution  Is  now  possible  with  the  GSPC 
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Most  of  these  performance  Improvements  have  been 
achieved  with  the  GSPC  and  PKIs.  We  helleve  that  the 
combination  of  the  GSPC  and  the  PID  should  do  as  well, 
and  perhaps  better.  In  all  respects.  He  shall,  there¬ 
fore,  concentrate  on  a  detailed  description  of  the  de- 
slm  of  a  GSPC  plus  PID.  Large  area  GSPCs  have  now  been 
made  with  the  uniform  field  geometry  shown  In  Figure  6. 


FIG.  6  -  Schematic  diagram  of  a  GSPC  plus  a  PID. 

The  basic  elements  are  very  similar  to  the  counter  pic¬ 
tured  In  Figure  2.  The  Instrument  consists  of  a  pill¬ 
box  shaped,  parallel  grid  GSPC  mounted  on  top  of  a  PC  - 
actually  a  MHPC.  X-rays  enter  the  150  mm  dla.  ceramic 
bodied  GSPC  through  a  75  mm  dla.  mlcron-thln  polypropy¬ 
lene  window.  These  photons  are  absorbed  by  noble  gas 
atoms  In  a  12  ms  deep  drift  region.  Photoelectrons 
ejected  from  the  noble  gas  are  accelerated  In  a  mod¬ 
erate  electric  field  defined  by  two  stainless  steel, 
etched  meshes  held  at  high  voltages  Vj  and  Vj.  These 
electrons  excite  other  molecules  to  emit  more  UV 
photons.  These  secondary  photons  may  be  observed 
through  a  calcium  fluoride,  lithium  fluoride,  or  spec- 
trosll  window  (see  Fig.  4). 

The  UV  transparent  disk  also  forms  the  window 
for  the  MHPC  below.  The  MHPC  Is  a  30  cm  x  30  cm  x  5  cm 
altnslnum  box  filled  with  a  UV  sensitive  gas  (Benzene, 
TEA,  or  TMAE),  plus  argon  and  a  quench  gas.  The  choice 
of  the  gas  fill  and  the  window  material  Is  a  function 
of  the  spectrum  of  the  noble  gas  In  the  GSPC  (see  Figs. 
3  and  4).  The  UV  photon  ejects  a  photoelectron  from 
the  low  Ionization  potential  gas.  These  electrons  then 
drift  In  a  low  field  region  defined  by  a  grounded  stain¬ 
less  steel  mesh  located  on  the  lower  surface  of  the  UV 
window  and  a  cathode  wire  plane  located  11  cm  below, 
held  at  a  potential  of  Vc.  The  cathode  plane  la  made 
from  63  p  dla.  silver-plated  beryllium  copper  wire  set 
at  0.55  mm  pitch  on  a  133  m  span.  These  wires  are 
grouped  together  Into  20  sets  of  11  wires  each.  The 
photoelectrons  are  accelerated  through  the  cathode 
plane  toward  a  high  voltage  anode  plane  located  6  mm 
away  and  held  at  a  potential  of  V^.  The  anode  wire 
plane  Is  made  from  20  v  dla.  gold-plated  tungsten  wire 


set  at  2  mm  pitch.  A  lower  cathode  plane,  with  wires 
set  orthogonal  to  the  wires  on  the  upper  cathode  plane, 
defines  a  total  active  region  of  23  mm  deep.  The  ava¬ 
lanching  electrons  are  collected  on  the  anode  wires 
idille  the  ions  are  collected  on  the  cathode  wires. 

Large  charge  pulses  are  Induced  on  the  crossed  cathode 
planes.  Spatial  Information  Is  obtained  by  calculating 
the  two  dimensional  centroid  of  the  charge  distribution 
sensed  by  the  grouped  cathode  wires.**  Energy  Informa¬ 
tion  may  be  obtained  by  collecting  the  electrons  In  a 
charge  sensitive  preaiqillfler  attached  to  the  anode 
plane  or  by  sussnlng  the  cathode  signals.* 

For  optimal  performance,  the  GSPC  Is  evacuated 
to  10~^  torr  of  vacuum  before  filling  with  99.995Z 
pure  argon,  krypton,  or  xenon.  A  bullt-ln  getter  is 
usually  required  to  maintain  gas  purity  and  high  reso¬ 
lution  performance  In  the  GSPC.  This  isay  be  calcium 
turnings  or  the  SAES  model  ST171/BI/16-10/300  room 
temperature  getter.  The  ceramic  body  may  be  assesd>led 
with  vlton  0-rlngs,  but  to  ease  the  burden  on  the  get¬ 
ter,  epoxylng  the  ceramic  body  to  the  aluminum  X-ray 
window  frame  and  the  UV  window  %(lth  Eplbond  8510 
(Furane  Plastics)  or  substituting  metal  gaskets  for  the 
vlton, yields  better  energy  resolution.  Micron  thin 
polypropylene  windows  have  been  used  successfully  with 
the  GSPC.  As  long  as  the  counter  is  clean,  the  outside 
of  the  film  window  la  vacuum,  and  the  leak  rate  Is  kept 
sufficiently  low  (few  torr/hour),  the  counter  may  be 
operated  In  a  sealed  mode  for  several  days  since  the 
light  gain  Is  only  a  linear  function  of  the  gas  pres¬ 
sure  and  there  Is  only  a  single  gas.  The  MHPC  Is  also 
operated  In  the  sealed  mode  after  careful  evacuation 
of  the  chamber  to  <10~*  torr  and  purification  of  the 
TMAE.“ 

C.  Performance  of  the  GSPC/PIC 

The  energy  resolution  of  the  GSPC/PID  has  been 
measured  at  several  energies  now.  The  best  energy  re¬ 
solution  achieved  at  6  keV  equals  the  7.5Z  (FHHM) 
energy  obtained  with  a  GSPC  and  a  PMT  for  a  collimated 
X-ray  source.**  The  energy  resolution  response  to  a 
broad  diffuse  X-ray  source  is  about  1-2Z  worse  due  to 
small  variations  In  gain  over  the  75  sm  dla.  window. 

The  energy  resolutions  m^sured  for  low  energy  X-rays 
are  consistent  with  an  E  scaling  (see  Fig.  7  and 
eq.  8).  The  Imaging  capabilities  of  the  Instrument 
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FIG.  7  -  Energy  resolution  versus  X-ray  energy 
for  a  GSPC  and  a  SSD. 
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should  allow  us  to  map  the  gain  variations  and  correct 
them  so  that  the  large  area  energy  resolution  approaches 
the  response  to  a  collimated  source.  Given  the  submll- 
llmeter  resolution  measured  at  6  keV,^’  such  a  correc¬ 
tion  should  be  possible.  The  Imaging  capability,  along 
with  the  good  pulse  shape  behavior  of  the  signal  (2  ps 
with  a  spread  of  8Z  (TVHM)),  should  permit  excellent 
rejection  of  background  events.  Furthermore,  the 
parallel-grid  geometry  permits  straightforward  upscaling 
of  the  detector  size  for  Increased  sensitivity.  This 
geometry  should  also  permit  easy  extension  of  the  In¬ 
strument  bandwidth  to  higher  energies  by  simply  Increas¬ 
ing  the  depth  and  pressure  of  the  xenon  gas.  Finally, 
Che  use  of  a  pure  gas  In  the  GSPC  should  avoid  lifetime 
problems  due  to  aging  effects  mentioned  earlier  for  con¬ 
ventional  PCs.  We  have  not  yet  measured  the  ultimate 
lifetime  of  the  low  Ionization  potential  gases  In  PID, 
but  we  can  say  that  such  counters  have  operated  stably 
on  the  timescale  of  months. 

IV.  SOLID  STATE  DETECTORS 

A.  Principle  of  Operation 

A  solid  state  detector  (SSD)  Is  essentially  a 
Junction  between  n-type  and  p-type  silicon  or  germanium 
wafers  operating  under  reverse-bias  conditions  (Fig.  8). 
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FIG.  8  -  Schematic  diagram  of  a  simple  semicon¬ 
ductor  detector. 


A  strong  electric  field  applied  through  metallic  con¬ 
tacts  sweep  out  the  charge  carriers  In  the  semiconductor 
forming  a  depletion  layer.  The  absorption  of  an  Inci¬ 
dent  X-ray  causes  electron-hole  pairs  to  form,  which 
then  move  toward  their  respective  electrodes.  The 
energy  needed  to  create  an  lon-palr  Is  2.9  eV  for  Ge 
and  3.S  eV  for  SI,  yielding  a  larger  primary  charge 
signal  than  the  capture  of  X-rays  by  a  gas.  This, 
along  with  the  calculated  values  of  0.1  or  less  for  the 
Fano  factor  of  silicon  and  germanlua^  leads  to  the  hi^er 
energy  resolution  promised  by  solid  state  detectors. 
However,  no  multiplication  is  available  so  that  cooled, 
low  noise  preamplifiers  are  required  to  maintain  good 
energy  resolution. 

A  commonly  used  detector  for  low  energy  X-rays 
Is  the  lithium-drifted  silicon  detector.  In  this  de¬ 
vice,  the  acceptors  In  a  p-type  silicon  wafer  are  com¬ 
pensated  by  donor  impurity  atoms  which  are  drifted  Into 
the  material  at  a  raised  temperature  and  under  an  ap¬ 
plied  electric  field.  The  material  thus  produced  has 
high  resistivity  and  low  noise.  Excess  lithium  forms 
the  n-lsyer.  These  detectors  have  to  be  maintained  at 
liquid  nitrogen  temperatures  at  all  times  to  ensure 
that  the  lithium  atoms  occupy  correct  positions  In  the 
silicon  lattice.  Operation  at  very  low  temperatures  Is 
also  required  to  reduce  thermal  electron-hole  pair  cre¬ 
ation.  biergy  resolutlona  of  2.3Z  (FWHM)  at  6  keV  have 
been  obtained  with  conswrclally  available  12  ami’  sili¬ 
con  detectors.  The  energy  resolution  behavior  of  a 


9-bbb  dla.  SI (LI)  flown  on  the  Binetein  Observatory  is 
shown  In  Figure  7. 

B.  Comparative  Advantages  and  Disadvantages 

SSDs  offer  the  best  energy  resolution  available 
on  paper.  However,  achieving  such  resolutions  with 
high  efficiencies  Is  extreiaely  difficult  In  practice. 
Firstly,  the  requirement  of  a  conducting  electrode  over 
the  entrance  window  limits  the  transmission  efficiency 
to  less  than  lOZ  below  0.4  keV.  For  high  purity  ger¬ 
manium  detectors,  the  existence  of  a  0.4  micron  dead 
layer  near  the  entrance  renders  them  effectively  use¬ 
less  below  2.3  keV.*’  Secondly,  the  requirement  of  low 
capacitive  noise  limits  the  useful  effective  areas  of 
the  silicon  detectors.  In  fact,  to  compete  against  the 
GSPC  in  resolution  below  1  keV,  SI (Li)  detectors  larger 
than  1  cm’  cannot  be  used.  Thirdly,  the  semiconductor 
material  offers  no  simple  discrimination  against  back¬ 
ground  events.  To  separate  charged  particle  events 
from  X-ray  events,  bulky  solid  scintillator  shields 
have  to  be  constructed.  Finally,  the  requirement  of 
cryogenic  operations  makes  silicon  detectors  Inconve¬ 
nient  to  use.  Hhile  room  temperature  mercuric  Iodide 
detectors  have  now  been  used  successfully  to  detect 
X-rays  down  to  F-K*",  their  spectral  resolution  below 
2  keV  Is  worse  than  that  of  the  GSPC. 

V.  CONCLUSIONS 

Depending  on  the  users'  needs,  conventional  gas 
proportional  counters,  gas  scintillation  proportional 
counters,  and  solid  state  detectors  may  all  be  used  for 
low  energy  X-ray  detection.  For  situations,  where  the 
X-ray  flux  Is  high  and  very  much  above  the  background, 
Che  high  energy  resolution  of  a  small  area  (0.2  mm’) 
Sl(Ll)  detector  offers  the  best  results  above  1  keV. 

For  work  which  does  not  require  good  spectral  resolu¬ 
tion,  conventional  gas  proportional  counters  should  con¬ 
tinue  to  find  use.  In  general,  however,  X-iay  detec¬ 
tion  below  2  keV  can  be  most  versatilely  handled  by 
CSPCs.  These  devices  offer  all  the  advantages  of  con¬ 
ventional  PCs  -  large  area,  low  background,  low  cost, 
long  lifetime,  and  ease  of  operation  -  with  the  added 
feature  of  Improved  spectral  resolution.  As  Figure  7 
shows,  resolution  sufficient  to  resolve  the  nitrogen 
and  oxygen  K-fluorescence  lines  has  been  achieved. 
Combined  with  its  millimeter  Imaging  capabilities,  the 
GSPC  promises  to  be  the  instrument  of  choice  for  low 
energy  X-ray  detection. 
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NGR  33-008-102.  This  Is  Columbia  Astrophysics  Labora¬ 
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ABSTRACT 

The  molecular  and  sputtered/eyaporated  multilayers  and  the  acid  phthalate  crystals  can  be  applied  for 
relatlyely  fast,  high  efficiency  spectral  analysis  of  constant  and  pulsed  low  energy  x-ray  sources  In  the  100  to 
2000  eV  region.  Limits  of  resolution  are  about  1  eV.  Reylewed  here  are  the  basic  methods  for  the  theoretical  and 
the  experimental  characterization  of  these  analyzers  as  required  for  absolute  x-ray  spectrometry.  The  design  and 
absolute  calibration  of  spectrographs  for  pulsed  low  energy  x-ray  source  diagnostics  are  described. 


I.  INTRODUai ON— GRATING  VS  BRAGG  SPECTROMETRY 

Generally,  the  grazing  incidence,  diffraction 
grating  spectrometry  and  the  large  angle  Bragg  diffrac¬ 
tion  spectrometry  are  complementary.  Grating  spectro¬ 
graphs  can  yield  lower  limits  of  resolution  {<0.1  eV) 
but  with  relatlyely  small  aperture  and  low  dispersion. 
The  crystal /multi layer  spectrographs  are  of  higher 
limits  of  resolution  (>0.5  eV)  but  with  simpler  and 
more  flexible  large  angle  geometry  and  with  high  dis¬ 
persion.  The  crystal/multilayer  spectrographs  are  of 
large  aperture  with  an  oyeralT  spectrographic  speed 
that  Is  considerably  higher  for  constant  source  and 
somewhat  higher  for  pulsed  source  spectroscopy.  A 
precise  Intensity  and  window  profile  calibration  of  the 
crystal/multHayer  Instrument  Is  more  easily  attainable. 
Haying  accurately  characterized  Instrument  window 
functions  permits  an  effectlye  resolution  enhancement 
In  the  crystal /mu Itileyer  spectrometry  by  simple 
deconyolutlon  procedures.  The  two  spectrographic 
approaches  are  clearly  complementary,  and.  Ideally, 
both  the  grating  and  the  crystal /multi layer  spectro¬ 
graphs  should  be  applied  for  an  optimized  analysis  of 
many  spectroscopic  problems.  (For  a  comprehenslye 
reylew  of  grating  spectrometry,  see  that  by  E.  KBIlne 
In  these  Proceedings.) 

byen  with  yery  Intense  excitation  sources  such  as 
some  synchrotron/storage  ring  and  high  temperature 
plasma  sources.  It  may  be  that  the  crystal/multilayer 
spectrographs  must  still  be  used  because  the  number  of 
photons  actually  ayallable  for  proper  spectroscopic 
analysis  Is  limited  by  other  factors.  The  higher  spec¬ 
trographic  speed  may  be  required  to  achleye  satisfac¬ 
tory  statistics  along  with  high  temporal  resolution  In 
time-resolyed  spectroscopy.  Primary  monochromators  may 
be  required  for  needed  selectlye  excitation  of 
spectroscopic  samples  which  In  turn  may  seriously  limit 
the  Intensity  ayallable  for  high  resolution  spectros¬ 
copy.  Finally,  the  spectroscopic  sample  may  suffer 
appreciable  radiation  damage  under  the  excitation  dose 
that  may  be  required  for  a  given  spectrographic 
measurement.  An  example  of  this  type  of  problem  Is 
shown  In  Fig.  1.  A  low  energy  x-ray  spectral  analysis 
for  the  molecular  orbital  configuration  of  the 
crystalline  solid  sample  of  sodlun  perchlorate  by  a 
relatively  fast,  flat  crystal  spectrograph  requires 
approximately  three  hours  for  one  percent  statistics. 

As  shown  here,  with  nine-minute  scans  through  this 
period,  the  sample  Is  steadily  reduced  through  sucess- 
Ive  oxidation  states  with  the  last  scan  revealing  the 
molecular  orbital  spectrum  that  Is  characteristic  of 
NaCI.  A  successful  analysis  of  this  sample  was 
possible  [1,2]  only  by  distributing  the  dosage  over 
eight  samples  using  selective  excitation  by  photons  of 
energy  for  which  the  photoionization  process  that  Is 
required  has  the  highest  cross  section  and  using  time 


resolved  data  collection  which  permitted  an  extrapola¬ 
tion  to  a  "zero-dose"  spectrin.  Resolution  enhancement 
was  used  to  bring  the  energy  resolution  of  this 
measurement  to  about  0.5  eV,  using  a  lead  myristate. 
molecular  multilayer  analyzer. 


CHEMICAL  CHANGES 

INDUCED  BY 

1.75  X  lO'^  C-Ka(277eV)  PHOTONS/SEC -CM 2 


(2d,tf  •  80.0  A) 

Figure  1 
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For  high  effic1en<7,  low  energy  x-r«y  spectroscopy 
In  the  100-2000  eV  region,  the  sputtered/evaporated 
multilayers,  the  molecular  multilayers  (such  as  the 
Langmuir-Blodgett  type)  and  the  acid  phthalate  crystals 
can  be  used.  The  total  intensity  that  may  be  measured 
within  a  diffracted  spectral  line  Is  proportional  to 
the  integrated  reflectivity,  R,  for  the  given  analyzer. 
In  Fig.  2  are  plotted  the  integrated  reflectivities  for 
the  molecular  '~;1ti1ayer,  lead  nyristate,  and  for  the 
crystal,  potassium  acid  phthalate  (KAP),  of  2d-va1ues 
equal  to  80  and  26.6  A,  respectively.  Suggested  here 
is  the  fact  that  this  type  of  molecular  multilayer  is 
an  excellent  analyzer  for  photon  energies  below  280  eV 
(the  carbon-K  edge)  as  is  the  potassiun  acid  phthalate 
crystal  above  530  eV  (the  oxygen-K  edge).  For  the  300- 
500  eV  region,  an  appropriately  designed  sputtered/e¬ 
vaporated  multilayer  which  diffracts  this  spectral  band 
around  90  degrees  from  the  incident  beam  direction 
would  be  ideal.  This  requires  a  2d-va1ue  of  about  44  A 
for  which  there  are  no  practical  analyzers  of  the 
molecular  or  crystal  types  at  this  time. 

As  discussed  elsewhere  in  these  Proceedings  by 
T.  Barbee  and  by  E.  SpiUer,  multilayers  may  be 
constructed  by  either  sputtering  or  evaporating  in 
vacuum  successive  double  layers  of  a  variety  of  low  and 
high  atomic  number  materials.  The  thickness  of  the 
double  layer  (the  d-spacing)  may  be  as  small  as  about 
15  A.  It  should  be  feasible  to  construct  spectrograph- 
1c  analyzers  of  this  type  that  are  very  effective  in 
the  300-500  eV  region. 

The  molecular  multilayers  are  obtained  by  success¬ 
ive  dipping  of  a  substrate  in  and  out  of  a  trough  of 
water  on  which  is  formed  an  insoluble  monomolecular 
film.  [3]  Typically,  the  lead  salts  of  straight-chain 
fatty  acids  are  used  following  procedures  that  were 
first  described  by  Langmuir  and  Blodgett.  [4,5,6]  A 
schematic  which  suggests  how  these  layers  (Y-type) 
deposit  upon  the  substrate  is  presented  in  Fig.  3.  We 
have  made  low  energy  x-ray  analyzers  of  this  molecular 
type  from  a  series  of  fatty  acids  that  have  2d-va1ues 


IHTEORATED  REFLECTIVITY.  R 
LEAD  MYRISTATE 
(ZOO  d-SPACINGS) 


theoretical 

M-MOSAIC  P-OARWIN-PRINS 

EXPERIMENTAL 
•  HENKE,  ttol  (I960) 


IHTEORATED  REFLECTIVITY.  R 
POTASaiUM  ACID  PHTHALATE  (KAPI 


theoretical 

M-- MOSAIC  P--OARWIN-PRINS 

EXPERIMENTAL 

- BLAKE,  ttol  (1979) 

•  HENKE,  ttol  (lOeOI 


2100 


Figure  2 


0  4  8  12  16  20  24  28  32  36  40 


(n  +  4)- 
Figure  4 


■EAD  MYRISTATE  MOLECULE 


-CHg- 

-CH3- 

-CH»- 

0  0 

•  40A  -  Pb  - 

!«•  ORDER  DIFFRACTION 
STRUCTURE  FACTORS 

0  0 
-  C  - 

-CH,- 

-CMg- 

-ciis- 

*(f'M 

-CHj- 

-CHg- 

Figure  5 


87 


In  the  ranw  of  70  to  160  A.  In  Fig.  4  we  present  the 
measured  2d-va1ues  as  a  function  of  the  number,  n,  of 
CH2  groups  of  a  lead  salt  of  the  straight-chain  fatty 
acids.  From  this  and  other  crystallographic  data,  we 
have  constructed  a  model  for  the  unit  cell  structure  of 
these  systems  which  Is  described  In  Fig.  5  and  applied 
here  In  a  theoretical  description  of  their  x-ray 
reflection  characteristics. 

The  acid  phthalate  crystals  have  unit  cell  struc¬ 
tures  which  have  been  determined  by  Okaya  [7]  and  by 
Smith  [8]  which  we  have  described  and  applied  In  our 
characterizations  of  these  analyzers  as  recently 
reported  elsewhere  [9].  The  practical  characteristics 
of  these  analyzers  are  described  In  detail,  experimen¬ 
tally  and  theoretically.  In  these  Proceedings  by 
R.  Blake. 

In  this  review  we  sunmarlze  some  of  the  basic 
theoretical  and  experimental  methods  that  may  be  applied 
to  effectively  characterize  the  crystals  and  multilayers 
for  well  calibrated,  low  energy  x-ray  spectrometry.  And 
In  the  last  section  we  describe  spectrographs  that  have 
been  specially  designed  for  pulsed  source  diagnostics 
which  utilizes  crystal  and  multilayer  analyzers  for  the 
low  energy  x-ray  region.  Procedures  for  the  applica¬ 
tion  of  these  spectrographs  for  absolute,  resolution- 
enhanced  spectrometry  are  outlined. 

II.  THE  THEORETICAL  CHARACTERIZATION  OF  MULTILAYERS 
AND  CRYSTALS  FOR  THE  LOW  ENERGY  X-RAY  REGION 


In  a  companion  paper  In  these  Proceedings  [10].  the 
author  has  derived  an  expression  for  the  analyzej^ 
reflectivity  for  a  finite  nunber  of  diffracting  planes 
using  the  Darwin-Prins  model.  The  results  may  be 
expressed  in  terms  of  complex  variables  In  a  form  that 
is  easily  prograirmed  on  a  small  computer  for  effective 
crystal /multi layer  characterization.  He  define: 

I|.(6):  the  reflectivity  curve  (rocking  curve)— the 
”  ratio  of  the  diffracted  Intensity  to  the 

Incident  Intensity  for  a  plane  wave  at  a  grazing 
angle  of  Incidence  and  reflection,  6,  and  for  an 
analyzer  of  N  diffracting  layers. 

1^(0);  the  reflectivity  curve  for  an  analyzer  of  an 
"  effectively  Infinite  .number  of  diffracting 
layers  (a  thick  analyzer). 

s:  the  fractional  amplitude,  for  a  plane  wave,  that  Is 
reflated  at  each  diffracting  plane, 
a:  the  fractional  decrease  In  amplitude  of  the  trans¬ 
mitted  beam  as  It  passes  through  each  diffracting 
plane. 

C:  a  small  quantity  which  measures  the  phase  change  of 
the  wave  Incident  at  angle  6  as  It  proceeds  from 
one  plane  to  the  next  (2wds1ne/X)  through  the 
relation 


2ird  sin  9  Zird  sin  60  .  ^ 


imr  +  E 


(1) 


where  So  is  the  angle  defined  by  the  Bragg  relation, 
mX  °  2d  sin  60. 

n:  a  small  quantity  that  Is  used  to  describe  the 
effective  attenuation  of  a  wave  as  It  transmits 
through  N  layers  which  dynamically  Includes  all 
contributions  from  multiple  reflections.  The 
amplitude  attenuation  factor  Is  x",  where 
X  =  (-1)'''e‘h  and 

T)  »  i/s*  -  U  *  ay  (2) 

with  ■t’  or  -  sign  chosen  so  that  the  real  part  of  n 
Is  greater  than  zero. 

We  may  then  write  [9] 


where 


In  '  iJi  -  • 

_ -s _ 

(?  +  c)  +  /(E  +  a)*  -  s^ 


(3) 

(4) 


where  the  +  or  -  sign  Is  chosen  so  that  <  1. 


As  described  In  the  companion  paper,  o  and  s  can 
be  calculated  In  terms  of  the  average  atomic  scattering 
factor  per  unit  volune,  n7,  and  the  structure  factor 
per  unit  volume,  i^F,  through  the  relations 

”  “  sTne 
and 

*'-'^«^‘‘sfe'’(26)  (6) 

where  ro  Is  the  classical  electron  radius 
and  for  the  low  energy  x-ray  region,  nr  and  4F  can  be 
readily  calculated  given  the  structure  of  the  multi¬ 
layer  or  crystal  system  and  using  the  tabulated  atomic 
scattering  factors  as  presented  In  the  Appendix  of 
these  Proceedings.  In  the  companion  paper  [10],  nT  Is 
given  by  Eq.  (5;  andTBTTand  4F  Is  given  by  Eqs.  (32) 
and  (33)  for  crystals  and  molecular  multilayers  and  by 
Eqs.  (34)  and  (35)  for  the  sputtered/evaporated  multi¬ 
layers. 

It  should  be  noted  that  the  diffraction  order 
number,  m,  and  the  polarization  factor  P(2e)  are 
Introduced  through  the  reflection  parameters,  F  and  s. 
For  an  Incident  wave  of  electric  vector  In  the  plane  of 
diffraction,  P(2e)  Is  equal  to  cos  26  and  for  the 
electric  vector  perpendicular  to  the  plane  of  diffrac¬ 
tion.  P(2e)  Is  equal  to  unity.  For  Incident,  unpolar¬ 
ized  light,  therefore,  the  corresponding  Intensity 
components,  I  and  I  ,  are  combined  as 


1^(6)  =  %(i^(e)  +  io(e))  . 


It  may  be  shown  that  the  dynamical  model  relation  for 
In(6)  given  here  In  Eqs.  (3)  and  (4)  will  reduce  to  the 
usual  kinematical  approximation  for  the  analyzer  of 
such  low  scattering  and  absorption  within  the  layers 
that  the  Incident  Intensity  may  be  assumed  to  be  the 
same  at  each  plane  for  the  given  number  of  planes,  N. 
Thus  by  assiming  o  and  s  to  be  very  small,  Iu(6) 
becomes  " 


Multiplying  by  the  complex  conjugate  to  obtain  this 
modulus  squared,  and  letting  E  be  replaced  by  sInE  In 
the  denominator  since  E  Is  necessarily  a  small  quantity 
for  0  near  the  diffraction  peak,  we  obtain  for  unpolar¬ 
ized  Incident  radiation 


(7) 


Because  this  diffraction  peak  will  be  relatively  sharp, 
the  parameter,  E.  may  be  written  from  Eq.  (1)  as 

E  •  ^  (s1n(eo  +  AO)  -  sin6o)  *  ^  cos6(,A6  (8) 

and  this  kinematical  description  will  assume  the 
familiar  form  [12] 


s1n*(^^  cos0oA0) 
I,,(A3)  - . 

s1n*(-^^  cosBoAe) 


(9) 


Applying  the  Rayleigh  criterion,  we  define  a  limit 
of  angular  resolution  as  that  A61  which  corresponds  to 
the  first  minimum  of  this  diffraction  pattern. 

Therefore 

^  coseoA0,  -  irandA9,  -  aCTcbsFo  • 

Using  the  Bragg  relation  mX  >  2d  sin  60  and  Its  deriva¬ 
tive,  we  may  then  find  the  corresponding  wavelength 
resolution  as 

AX  -  X/mN  (10) 
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and  finally,  by  definition,  the  resolving  power  of  this 
analyzer  of  Iom  attenuation  becones 


X 

Si 


01) 


This  resolving  power  Is  then  an  upper  limit  that  may  be 
expected  of  a  multilayer  of  a  relatively  small  number 
of  layers,  N,  and  at  diffraction  order,  m. 

For  some  analyzers,  particularly. for  very  low 
energy  x-rays  and  with  sputtered/evaporated  multilayers, 
the  effective  nunber  of  diffracting  planes  may  be 
limited  by  aburptlon  within  the  multilayer  and  the 
dependence  upm  N  drops  out  for  N  sufficiently  large 
but  finite.  If  then  we  consider  the  absorptive 
parameter,  o,  to  be  large  as  compared  with  the  reflec¬ 
tive  parameter,  s,  the  reflectivity  curve.  Inis),  from 
Eq.  (3),  becomes  the  Lorentzlan  function 


I(A0) 


(AS  - 


^  w  +  iSl* 
s1neocose«'  '7' 


(12) 


This  function  will  have  Its  peak  value  displaced  from 
the  Bragg  angle.  So.  by  an  amount  equal  to  6/s1negCoseo. 
which  Is  a  refraction  shift  of  the  diffraction  pattern 
that  may  also  be  predicted  by  combining  the  Bragg 
relation  with  Snell's  law  [11,12].  It  Is  Interesting 
to  note  that  this  result  follows  here  for  the  case  of 
relatively  high  absorption  within  the  analyzer.  For 
this  Lorentzlan  rocking  curve  approximation.  Its 
parameters  may  be  written  as  follows: 

The  angle,  e,  as  measured  from  the  diffraction  peak 


e  >  A8  -  A/s1ne«coseo  .  (13) 

The  full-wldth-at-half-maximum  (FWtfl) 

0)  *  2e/s1n6(Cos0(i  .  (14) 

The  corresponding  Integrated  reflectivity  (area  under 
the  Lorentzlan)  for  unpolarized  incident  radiation 

Here  the  optical  constants,  S  and  B,  are  as  have  been 
defined  1n  Ref.  10  of  these  Proceedings  to  be  given  by 

«=i#nf. 

(16) 

B  =  r#nT.  . 

The  Integrated  reflectivity,  that  results 
from  this  Lorentzlan.  absorption-limited  approximation. 
Is  Identlal  to  that  which  may  be  obtained  from  the 
mosaic  crystal  model  [11,12]  and  as  given  In  Ref.  10. 

According  to  the  mosaic  crystal  model,  we  may  In¬ 
clude  the  effect  of  a  finite  crystal  thickness  by 
multiplying  the  expression  for  In  Eq.  (15)  by  the 
factor 

(1  -  exp(-2ypt/s1neo) 

In  which  V  Is  the  mass  photoionization  cross  section  for 
the  crystal  material,  p  Is  the  average  mass  density  and 
t  Is  the  crystal  thickness  which  Is  approximately  equal 
to  Nd.  If  the  crystal  or  multilayer  has  a  significant 
mosaic  quality,  the  FWHM  of  Its  rocking  curve  will  be 
greater  than  that  expected  from  the  perfect  crystal 
model  and  will  normally  be  determined  by  measurement. 

As  Is  Illustrated  In  Fig.  2,  this  Integrated  reflec¬ 
tivity,  1^,  generally  tends  to  be  higher  than  Rp,  that 
as  derived  by  nimerlcally  Integrating  for  the  area 
under  I(j(e)  from  Eq.  (3).  Hell  defined  crystals  such 


as  the  acid  phthalates,  for  example,  will  typically 
have  experimentally  measured  values  for  the  Integrated 
reflectivity  that  fall  between  these  values  fPr  the 
mosaic  and  the  perfect  crystal  models. 

As  has  been  discussed  In  the  comMnlon  paper  of 
these  Proceedings  [10],  this  relatively  simple  Oarwln- 
Prlns  model  approa^  for  the  characteHzatlon  of  low 
energy  x-ray  analyzers  Is  generally  In  good  agreement 
with  the  rigorous  E  &  M  boundary  values  approach  (the 
characteristic  matrix  approach)  for  the  perfect  multi¬ 
layer  systems.  [13,14]  Generally,  the  approximations 
that  are  Inherent  In  the  Darwin-Prins  approach  for  the 
finite  crystal /multi layer  system  as  has  been  described 
here  are  appropriate  Inasmuch  as  the  typical  real 
crystal/multilayer  system  cannot  be  defined  any  more 
precisely  than  Is  this  approximate  model.  In  the 
design  of  low  energy  x-ray  analyzers,  particularly  of 
the  sputtered/evaporated  type,  this  simple  theoretical 
model  can  provide  helpful.  Immediate  Insights  as  to 
the  Interplqy  of  the  electron  scattering  contrast 
yielded  by  the  structure  factors  and  the  multilayer 
absorption,  and  their  effect  upon  the  analyzer  perfor¬ 
mance.  In  Fig.  6  the  Integrate  reflectivity,  lL.from 
the  thick  mosaic  model,  has  been  plotted  for  photon 
energies  above  the  C-K  edge  and  for  a  variety  of  prac¬ 
tical  sputtered/evaporated,  equal -thickness  double 
layers  of  d  equal  to  30  A.  For  these  calculations, 
structure  factors  were  used  as  for  sharply  defined 
Interfaces  between  the  15  A  layers.  As  has~Eien 
discussed  In  the  companion  paper  [10],  the  Integrated 
reflectivities  would  be  significantly  reduced  If  a 
graded-density  or  rough  Interface  were  to  be  Involved. 
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In  Fig.  7  w  compare  the  diffraction  peak  profiles  for 
the  lead  iqyristate  molecular  multilayer  and  the 
tungsten-carbon  sputtered/evaporated  multilayer  with 
the  same  2d-va1ue  of  M  A.  Here  the  fractional  thick¬ 
ness  of  the  d-spacing  for  the  heayy  layer  (tungsten), 
defined  as  r.  Is  varied.  Again  ^  sharply  defined 
Interface  was  assumed  for  the  W/C  multilayer  which 
yields  appreciably  higher  predicted  peak  Intensities 
than  are  observed  relative  to  those  for  the  lead 
myristate.  The  measured  angular  widths  of  the  rocking 
curves  are  In  good  agreement  with  these  as  predicted, 
however. 

III.  THE  EXPERIMENTAL  CHARACTERIZATION  OF  MULTILAYERS 

AND  CRYSTALS  FOR  THE  LOU  ENERGY  X-RAY  REGION 

The  optimized  low  energy  x-ray  analyzer  will  have 
the  maximum,  effective  number  of  layers  as  determined 
essentially  by  the  crystal/multllayer  attenuation.  (N 
for  the  multilayers  chosen  sufficiently  large.)  For 
such  analyzers  the  perfect  crystal  model  relation. 

Ia>(9)t  presented  here  In  Eq.  (4),  predicts  a  diffrac¬ 
tion  curve  with  Lorentzlan  wings.  That  Is,  for  angles 
not  close  to  the  peak,  E  becomes  relatively  large  as 
compared  with  a  and  s  and  the  Intensity  distribution 
falls  off  as  (A6)"*  as  for  a  Lorentzlan.  As  already 
noted  above,  for  many  practical  crystals  and  multilayers 
applied  In  the  high  attenuation,  low  energy  x-ray 
region,  the  total  profile  tends  to  become  Lorentzlan. 

In  Ref.  9  we  have  calculated  In  detail  the  reflec¬ 
tivity  characteristics  vs  photon  energy  for  five  acid 
phthalate  analyzers  and  five  each  of  100-layer  molecular 
and  sputtered/evaporated  (tungsten-carbon)  multilayers. 
For  such  characterizations,  we  define  the  Integrated 
reflectivity  as  the  area  under  the  reflectivity  curve 
within  the  limits  of  pius/minus  5u,  (at  which  limits 
I|^(e)  «  .01).  Ue  have  compared  tFe  Integrated 
reflectivity  as  obtained  by  precise  nunerical  Integra¬ 
tion  under  the  theoretical  reflectivity  curve  to  that 
for  a  Lorentzlan  curve  having  the  same  FHHM,  w,  and  the 
same  peak  height  as  that  given  by  In(o).  The  two 
Integrated  reflectivities  generally  agree  within  ten 
percent.  Finally,  our  measured  molecular  and 
sputtered/evaporated  multilayer  rocking  curves,  after 
correcting  for  Instrumental  broadening,  are  well 
described  by  Lorentzlan  fits.  Similarly  It  has  been 
found  that  the  reflectivity  curves  for  the  acid 
phthalate  crystals  may  be  described  as  Lorentzlan.  [15] 

In  our  experimental  characterization  of  low  energy 
x-ray  analyzers,  therefore,  we  assume  that  the  reflec¬ 
tivity  curve  Is  essentially  Lorentzlan  which  may  be 
then  described  by  the  relation 


COMPARISON  OF  MOLECULAR  AND  SPUTTERED/EVAPORATED 
MULTILAYERS  ^  Mo-M^  (64.4  A/l92.3eV) 


TUN6STEN/CARBON 


description. 

Me  have  shown  [1]  that  within  a  sufficiently  good 
approximation,  the  Voigt  function  can  be  describe 
simply  as  a  linear  mixing  of  the  two  basic  broadenlno 
functions,  the  Gaussian,  6(x),and  the  Lorentzlan, ‘L(x) 
through  the  relation 

V(x)  =  6G(x)  +  (1  -  6)L(x).  (18) 

If  we  define  the  FNHM  widths  for  the  Gaussian,  the 
Lorentzlan  and  their  fold,  the  Voigt  function  by  g, 
l  and  V,  respectively,  and  the  variable  x  by  c/v  (e  is 
the  angle  from  the  peak),  we  may  then  write 

G(x)  «  and  L(x)  =  (19) 

and  the  mixing  parameter,  6,  becomes 

6  =  1  -  t/v  »  (g/v)*  .  (20) 

In  our  crystal  characterizations,  t  represents  the  sum 
of  the  Lorentzlan  crystal  multilayer  and  emission  line 
widths,  u  +  Co,  and  we  may  write  for  the  analyzer  width, 
ii),  from  Eq.  (20) 

ID  =  v(1  -  (g/v)*)  -  Co  .  (21) 


Kc) 


,  (<D/g^)R 

*  c*  +  ((d/2)'  ■ 


(17) 


A.  THE  MEASUREMENT  OF  THE  FHHM-u 

Our  measurements  of  u  for  a  given  analyzer  are  of 
a  series  of  monochromatic  line  sources  which  are 
Lorentzlan  In  their  wavelength  and  photon  energy  dis¬ 
tribution  and  produce  an  equivalent  angular  broadening 
of  the  spectral  line  equal  to  A  conventional,  flat 
crystal  spectrograph  Is  used  wTth  seller  slit 
colllmatlon  that  presents  a  further  angular  broadening 
of  a  Gaussian  shape  and  of  FWHM  equal  to  Pulse 
height  discrimination  Is  utilized  with  a  flow  propor¬ 
tional  counter  to  minimize  background  under  the 
Isolated  spectral  line. 

The  convolution  of  Lorentzlans  yields  another 
Lorentzlan  with  the  widths  adding  linearly.  The 
convolution  of  Gausslans  yields  another  Gaussian,  but 
with  the  widths  adding  quadratically.  Because  In  many 
spectroscopic  measurements  the  colllmatlon  Is  Gaussian. 
the  measur^  spectral  line  1$  the  result  of  a  convolu¬ 
tion  of  a  Gaussian  colllmatlon  function  with  a 
Lorentzlan  analyzer  plus  emission  line  profile.  The 
Gauss lan-Lorentzl an  convolution  yields  a  Voigt  curve 
for  which  there  Is  no  exact  analytical  function 


These  numerically  derived  relationships  have  been 
tested  on  a  series  of  low  energy  x-ray  emission  lines 
for  which  the  natural  widths  have  been  precisely 
measured  using  photoelectron  spectroscopy.  [1]  He 
Illustrate  In  Fig.  8  how  the  Mo-Mc  (64.4  A/193  eV)  line 
Is  used  to  determine  the  lead  myristate  molecular 
analyzer  diffraction  width,  u,  to  be  0.33°  and, 
equivalently.  In  energy  width,  0.82  eV.  These  values 
may  be  compared  with  those  as  determined  from  the 
theoretical  reflectivity  curve,  1^(0),  given  In  Eq.  (3) 
to  be  0.36°  and  0.89  eV,  respectively. 


B.  THE  MEASUREMENT  OF  THE  INTEGRATED  REFLEaiVITY,  R 

Practical  flat  crystal  calibration  for  the  Inte¬ 
grated  reflectivity,  R,  usually  Involves  Incident  beams 
which  are  neither  precisely  monochromatic  nor  parallel. 
Let  the  Incident  beam  be  of  cross  section  that  Is 
smaller  than  the  window  area  of  the  detector  and  be  of 
total  direct  beam  Intensity  Po  counts  per  second. 
Consider  i>e  beam  to  be  made  up  of  a  collection  of  rays 
with  a  n»'  ow  distribution  of  angular  divergence  about 
X  cent  rqy  and  each  with  Intensity,  APtn>  Hx 

’  ten  y  that  Is  reflected  for  the  nth  ray  near  a  0 

.Kidence  angle  Is  APn.  Then  If  I(((0)  Is  the  reflec¬ 
tivity,  we  may  write 
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Figure  8 


AP^  =  APonlN(0)  . 


Let  the  crystal  be  rotated  through  a  range  in  6  that 
completely  embraces  a  diffraction  peak  for  all  incident 
rays  and  at  an  angular  rate  of  uo-  If  dEp  is  the  total 
counts  measured  by  the  detector  for  the  nth  ray  during 
interval  dt,  we  may  write 


dE^  =  AP  ,  ^(e)dt  =  APonlN(0)(de/(do) 


and 


AEn  *  (APon/*)o^l^0)d0  =  (APon/(*)c )R' 


Now  summing  over  all  n  rays  in  the  divergent  incident 
beam,  we  obtain  the  total  counts  collected,  E,  as  a 
diffraction  peak  is  scanned  as 


Z  APon 


In  Figs.  9  and  10  we  have  applied  this  flat  crystal 
calibration  procedure  in  order  to  compare  the  perfor¬ 
mance  of  a  molecular  and  a  sputtered  multilayer  in  the 
500-1000  eV  photon  energy  region.  The  sputtered  multi¬ 
layer,  constructed  by  T.  Barbee,  has  a  Ld- value  of 
44.2  A,  N  =  62,  and  r  =  0.3,  The  molecular  multilayer 
is  lead  nyristate  of  2d  equal  to  80  A  and  N  «  200. 

These  comparative  spectral  scans  of  characteristic  line 
radiations  were  taken  with  seller  slit  collimation  of 
Gaussian,  FWHM  value,  g,  equal  to  0.34  in  e-coordinates. 
The  multilayer  angular  wid^,  FHWM-id,  was  determined 
using  Eo.  (21),  its  integrated  reflectivity  determined 
by  Eq.  (22)  and  the  percent  peak  reflectivity,  P, 
assuming  a  Lorentzian  reflectivity  curve  as  in  Eq.  (17), 
and  equal  to  [2R/irb)]  x  100. 

With  calibrated  crystal/multilayer  analyzers,  and 
instrument  collimation  window  functions,  and  with  the 
measured  spectral  line  widths,  Eq.  (21)  may  then  be 
used  to  determine  the  emission  line  width  with  enhanced 
resolution.  We  have  developed  a  simple  method  for 
treating  overlapping  spectral  lines  [1]  by  fitting  a 
sum  of  Voigt  functions  as  given  in  Eq.  (18)  by  a  Simplex 
method  which  fitting  determines  the  angular  position, 
weight  and  width  of  each  component  lines  in  the  over¬ 
lapping  spectrum.  Eq.  (21)  is  then  used  to  determine 
the  individual  emission  line  widths.  Again,  enhanced 
resolution  is  obtained. 

Often,  rather  than  flat  crystal  optics  with  essen¬ 
tially  parallel  incident  radiation,  divergent  beam 
optics  (as  with  Johann  circle  geometry)  or  with  non¬ 
focussing  optics  for  an  instantaneous  presentation  of 
an  emitted  spectrum  (for  pulsed  source  spectroscopy) 
may  be  used.  For  spectrographs  using  these  divergent 
beam  geometries,  the  measured  intensity  profiles  for  a 
monochromatic  source  may  usually  be  predicted  in  terms 
of  the  flat-crystal  reflectivity  characteristic 
parameters  and  appropriate  geometric  factors.  This  is 
illustrated  in  the  next  section  for  th#  pulsed  source 
spectrographs  which  utilize  the  cylindrical -convex 
crystal /multi  layer  and  the  elliptical  crystal /multi  layer. 

IV.  PULSED  SOURCE  SPECTROSCOPY 
A.  THE  CONVEX  CYLINDRICAL  CRYSTAL  ANALYZER 

The  convex  cylindrical  crystal  [3,16-20]  presents  to  an 
x-ray  source  a  continuum  of  reflecting  regions  with 
Bragg  angles  beginning  from  zero  value.  For  a  particu¬ 
lar  wavelength,  the  effective  aperture  is  proportional 
to  sine  and  hence  to  mX  for  the  usual  application 
geometry  in  which  the  cylinder  radius,  r,  is  small  as 
compared  with  the  distance  to  the  source,  s.  We  have 
constructed  cylindrical  analyzers  of  good  quality  by 
bending  .005"  cleaved  sections  of  KAP  to  radii  as  small 
as  one  inch,  and  by  dipping  polished  cylinder  substrates 
of  radii  as  small  as  a  few  millimeters  to  generate  the 
Langmuir-Blodgett  type  of  molecular  multilayers.  The 
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And  thus  R  may  be  expressed  in  terms  of  measurable 
quantities  as 

R  >  .  (22) 

If  the  incident  beam  is  not  precisely  monochromatic, 
but  consists  of  a  narrow  band  of  wavelengths  about  a 
mean  value,  a  similar  argument  as  presented  above  may 
be  applied  to  yield  the  same  result  as  Eq.  (22),  where 
R  would  then  represent  an  Integrated  reflectivity 
characteristic  of  an  average  wavelength.  This  follows 
from  the  fact  that  the  intensity  distribution  for  a 
variable  wavelength  component  is  simply  shifted  a  small 
amount  in  angle  according  to  the  Bragg  relation— but 
still  embraced  in  the  complete  scan  taken  over  the 
diffraction  peak.  The  value  of  R  thus  determined  is 
independent  of  a  small  departure  from  monochromaticity 
of  the  beam— providing  that  the  reflectivity  is 
slowly  varying  over  the  spread  in  wavelengths  involved. 
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sputtered/evaporated  multilayers  may  be  deposited  upon  a 
flat,  flexible  substrate  which  may  then  be  bent  to  a 
desired  radius. 

Some  useful  geometrical  relations  which  character¬ 
ize  this  analyzer  are  as  follows  (see  Fig.  11): 


COS0  =  cosx  -  (l/6)sinx 

(23) 

and 

(dx/de)  =  6sin0/(6sinx  +  cosx) 

(24) 

in  which  6  = 

r/s.  Now  for  6  «  1,  it  follows 

that 

COS0  =  1  -  x/5 

(25) 

and 

(dx/d0)  =  6s1ne  . 

(26) 

To  relate  the  reflecting  region  position,  a,  with  the 
corresponding  Bragg  angle,  e 

a=0-X“6*5(1  -  cose).  (27) 


And  to  relate  the  position  of  the  detector,  B,  to  the 
corresponding  Braog  angle,  6— for  r  «  R  (crystal- 
detector  distance) 


B  *  26  -  X  *  26  -  6(1  -  cose).  (28) 


And,  finally,  for  instruments  with  6  «  1,  a  relation 
between  the  divergent  beam  diffraction  line  profile, 
dN/de,  defined  as  P(e),  produced  by  the  cylindrical 
crystal  and  the  parallel  beam,  flat  crystal  reflectivi¬ 
ty  ratio,  I|)|(6),  can  be  obtained  as 

P(0)  =  I  (e)  (i  oai(>)  (dx/d6)  =  6ioai(<  sin  01(0), 

(29) 

where  io  is  the  number  of  photons  per  sec-unit  source 
area-stearadian,  a  is  the  source  slit  area,  and  t(i  is 
the  angle  at  the  source  slit  as  subtended  by  the  crystal 
width,  and  assuming  the  slit  thicicness  to  be  negligible. 

The  total  number  of  photons,  N,  within  the  diffrac¬ 
tion  line  profile  is  proportional  to  the  crystal's 
integrated  reflectivity,  R,  and  given  by 

N=yp(0)d0  =  5i  oai))s(n^I(0)d0  =  5(ioa<|>sine)R.  (30) 

Finally,  to  determine  the  effect  of  slit  or  line 
source  width  upon  the  profile,  we  Integrate  the  differ¬ 
ential  intensity  from  a  section  of  the  slit  of  width, 
b,  and  differential  thickness,  sd()i,  (as  reflected  into 
the  diffraction  line  profile)  within  the  limits  -ijo  to 
+00,  where  20o  Is  the  angular  thickness  of  the  slit  as 
measured  at  the  crystal.  We  obtain,  assuming  to 
be  Lorentzian,  as  given  in  Eq.  (17): 

P'(0)  -  (Blobs  sin6)(^  R)  f  (e  -  (u/'2)’- 

-00 
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Figure  11 


light  pressure.  The  molecular  multilayers  are  deposited 
directly  upon  the  coversllp  glass  curved  surfaces.  The 
coversllp  glass  pieces  are  preformed  In  an  oven  to  fit 
a  graphite  substrate  of  Identical  shape  as  the  aluminum 
substrates. 

The  diffraction  geometry  Is  shown  in  Fig.  15.  In 
order  to  establish  a  focal  point  for  radiation  from  a 
small  source  and  thereby  an  effective  scatter  aperture, 
the  analyzer  curvature  is  that  for  the  ellipse 


where  e  is  its  eccentricity  and  h  is  the  characteristic 
radial  distance,  p,  from  the  exit  focal  point  for 
e  =  +  90®. 

An  important  design  feature  is  that  the  measured 
radiation  can  be  noraal  to  a  circular  arc  detection 
surface  (a  film  surface  for  photographic  detection,  a 
CCD  array  for  electronic  detection  and  for  time- 
resolved  spectroscopy,  and  for  a  proportional  counter 
goniometer  circle  in  a  calibration  chamber.)  The 
angular  position  on  this  detection  circle,  B,  is 
related  to  the  Bragg  reflection  angle  off  the  analyzer, 
e,  by  the  equation 


Thus 

P'  (e)  =  (S1obsi)sin0)(R/ir)(tan‘*  -  tan"*  ^  ) 

(31) 


e  =  tan"* 


/I  -  e  cos  Bt 
'  e  sInB 


which  reduces  to  simply 


e  =  B/2 


(33) 

(34) 


P‘(9)  has  been  plotted  for  several  relative  values  of  applications  with  a  large  source  distance  (i.e., 

♦o/to  in  Fig.  12.  If  the  source  brightness,  io,  is  not  eccentricity,  e,  equal  to  unity  for  an  approx- 

uniform  but  rather  is  a  function  of  4i,  then  1o{0)  must  imately  parabolic  analyzer, 
be  folded  within  the  integral. 


B.  THE  ELLIPTICAL  CRYSTAL/MULTILAYER  SPECTROGRAPH 

Shown  in  Fig.  13  are  the  basic  features  of  the 
proposed  spectrograph  for  the  spectral  analysis  of  a 
pulsed  low  energy  x-ray  source.  An  elliptically  curved 
crystal  or  multilayer  analyzer  is  utilized  with  an 
effective  point  or  line  source  at  or  through  one  of  the 
foci  and  a  small  exit  aperture  (scatter  aperture)  at 
the  second  focal  point.  The  elliptical  analyzer  curva¬ 
ture  may  be  a  cylindrical  section,  or  it  may  be  of 
double  curvature  and  as  a  surface  of  revolution  about 
the  major  arcs  (an  ellipsoidal  section). 

Considerable  Importance  in  the  design  of  this 
spectrograph  [21]  has  been  placed  upon  achieving  a 
minimum  of  background  radiation  and  presenting  a  spec- 
trim  that  can  be  simply  and  accurately  interpreted  to 
yield  the  source  spectral  characteristics  in  the  low 
energy  x-ray  region.  The  small  scatter  aperture  into 
the  detector  module  effectively  eliminates  the  stray 
radiation  that  may  diffusely  scatter  or  fluoresce  from 
the  analyzer.  An  optically  flat  or  cylindrically 
curved  total -reflection  mirror  with  an  adjustable 
entrance  slit  along  with  an  appropriate  filter  is  used 
for  an  effective  attenuation  of  high-order  diffracted 
and  the  lower-energy  radiation  background.  If  the  slit 
at  the  mirror  Is  adjusted  for  a  sufficiently  small 
entrance  aperture,  a  one-dimensional  spatial  distribu¬ 
tion  of  the  source  Intensity  for  the  particular  wave¬ 
length  can  be  presented  along  the  length  of  a 
corresponding  spectral  line  for  an  extended  source 
(spatial  resolution  in  the  tenth  milliradian  range). 

The  spectrum  is  formed  by  a  relatively  small  analyzer 
dimension  normal  to  this  drawing  section  so  that  the 
analyzers  can  thus  be  "stacked"  for  multiple  band 
spectral  coverage.  This  is  described  in  Fig.  14. 

The  elliptically  curved  crystal /multi layer  sub¬ 
strates  have  been  made  by  computer  controlled  milling 
and  by  computer  controlled  diamond  turning  of  aluminum 
blanks. [22]  The  acid  phthalate  cleaved  sections  of  about 
.005"  thickness  and  coversllp  glass  of  about  .010" 
thickness  are  epoxled  to  the  curved  surfaces  under 
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Figure  14 


In  Fig.  15  we  define  the  angular  position  of  a  ray 
from  the  source,  y,  which  Is  related  to  e  and  6  by 


X  =  20  -  6 

(35) 

and  thus  differentially 

^  =  2  .  M 

d0  d0  • 

(36) 

And  from  Eq.  (33)  we  may  obtain  dB/d0  as 

dB  _  e*  +  1  -  2e  cos  B 

30  e(1  -  cosB) 

(37) 

We  would  like  next  to  write  an  expression  for  the 
spectral  line  profile  as  diffracted  by  the  elllptically 
curved  analyzer  of  cylindrical  section  In  terms  of  the 
flat  crystal  characteristic  parameters,  R  and  u.  As  we 
have  described  above  for  the  convex,  cylindrical 
analyzer,  we  shall  define  by  dN  the  number  of  photons 
per  sec  diffracted  by  the  elliptical  analyzer  within  a 
differential  angular  region,  de,  about  a  Bragg  angle, 6, 
and  equal  to  P(6)de.  Thus  the  divergent  beam 
angular  distribution  of  Intensity  as  diffracted  by  the 
elllptically  curved  analyzer  becomes 

P(0)  =  1,a4;^  ^(0)  ,  (38) 

where  a  Is  the  projected  source  area;  i|)  Is  the  angular 
width  of  the  beam  that  Is  accepted  by  the  analyzer  and 
measured  In  the  plane  normal  to  the  Bragg  reflection 
plane;  and  In(0}  Is  the  flat-crystal  rocking  curve,  the 
fraction  of  the  Intensity  for  a  parallel  Incident  beam 
that  Is  reflected  at  an  angle,  0.  Integrating  Eq.  (38) 
through  the  reflecting  region  In  0  for  a  given  wave¬ 
length,  we  obtain  the  total  number  of  photons  per 
second  within  the  diffracted  line  as 

N  »  1oaiK^)/lN(0)d0  =  i,a4.(^)R.  (39) 

Finally,  If  we  assume  that  the  flat  crystal,  parallel 
beam  rocking  curve,  In(B),  to  be  Lorentzlan  as  In  Eq. 
(17),  we  may  write  for  P(0) 

P(9)  ■  1.a»(j|)  .  (40) 

where  e  Is  measured  from  the  position  of  the  diffracted 
peak  In  0-coord1nates.  Eq.  (40)  may  be  expressed  In 
B-coordI nates,  as  measured  along  the  detection  circle, 
by  multiplying  the  numerator  and  denominator  of  the 
Lorentzlan  by  (dB/de)’.  Here,  dB/de  and  dy/dB  may  be 


expressed  In  variable  B  through  Eqs.  (36)  and  (37).  Wt 
have  defined  by  AB  the  angular  position  as  measured 
from  the  peak  position  along  the  detection  circle  for 
the  Lorentzlan  defined  as  follows: 

AB  =  (Jf)  e  (41) 

and  Its  measured  FWHM,  4, 

4  =  (^)a.  .  (42) 

The  B-posItlon  for  a  peak  of  wavelength  X  Is  obtained 
by  Inverting  Eq.  (33)  for  the  refraction-shifted  peak 
position  In  B-coordl nates,  viz.,  (from  Eq.  (12)) 

*  s1n0oCosBo  ‘ 

In  Figs.  16,  17  and  18  are  presented  plots  of  our 
calculated  reflectivity  characteristics  [9]  for  the 
three  analyzers,  lead  behenate,  lead  laurate  and 
potassium  acid  phthalate  of  2d- values  of  120,  70  and 
26.6  A,  respectively.  We  have  proposed  these  analyzers 
for  a  three-band  spectrograph  for  the  100-1000  eV 
region  which  has  been  described  in  Fig.  13. 

In  order  to  verify  the  response  functions  for  the 
elliptical  spectrograph  as  predicted  here  and  to  account 
for  possible  Individual  differences  between  the  curved 
crystal /multi layer  and  the  corresponding  flat  analyzers 
(on  which  the  flat  crystal  characteristics  have  been 
directly  measured),  we  measured  the  elliptical 
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Figure  16 


analyzer  response  function  directly  at  a  few  standard 
wavelengths  by  introducing  a  calibrated  flow  propor¬ 
tional  counter,  with  a  precision  goniometer,  on  the 
detection  circle.  In  this  way  the  diffraction  peak  is 
measured  in  6-caordinates  and  compared  with  the  direct¬ 
ly  measured  1o  for  a  characteristic  line  source  that 
is  filtered  and  isolated  with  pulse-height  discrimina¬ 
tion.  Such  a  spectrum  including  several  orders  of  the 
Cu-La  (13.3  A/930  eV)  is  illustrated  in  Fig.  19. 

To  complete  an  absolute  calibration  of  this  spec¬ 
trograph,  it  is  necessary  to  include  the  response  of 
the  detector  that  is  utilized.  For  many  applications, 
an  appropriate  photographic  film  is  used  to  time 
integrate  the  pulsed  spectrum.  We  calibrate  the  film 
material  by  taking  a  series  of  known  exposures  with  the 
film  along  the  detection  circle  under  the  Identical 
conditions  with  which  a  corresponding  calibrated 
proportional  counter  scan  has  been  made  (as  shown  in 
Fig.  19).  The  exposed  films  are  microdensitometered 
with  a  slit  width  that  is  comparable  to  that  on  the 
proportional  counter  and  small  as  -ompared  to  that  of 
the  width  of  the  diffraction  lines.  The  measured 
densities  are  correlated  with  the  measured  photons/mi¬ 
crons*  exposures  for  the  precisely  known  wavelength  for 
the  spectral  line.  The  calibration  of  the  RAR  2497  film 
by  this  procedure  is  described  elsewhere  in  these 
Proceedings. 

For  many  pulsed  x-ray  sources  there  may  be  high 
energy  components  that  diffract  effectively  in  the 
higher  orders  and  make  more  difficult  a  quantitative 
spectral  analysis.  In  the  design  of  the  elliptical 
analyzer  spectrograph  as  described  here,  we  have  used 
total  reflection  mirror  monochromators  to  effect  the 
needed  high-energy  cut-off.  We  present  here  in  Figs. 
20-24  the  reflectivity  curves  for  five  practical  x-ray 
mirror  monochromators  which  we  have  calculated  using 
the  methods  that  have  been  presented  in  the  companion 
paper. [10]  The  data  presented  here,  along  with  some 
examples  of  corresponding  experimental  data,  are  for 
mirror  surfaces  of  beryllium,  carbon,  fused  quartz, 
nickel  and  gold. 

In  the  low  energy  diagnostics  of  essentially  point 
sources  (as  laser-produced  from  microballoon  sources), 
it  is  suggested  here  that  each  wavelength  component  will 
be  presented  in  either  6  or  B  coordinates  as  essentially 
a  Lorentzian  spectral  component  of  FWHM  equal  to  u  or 
4,  respectively.  If  the  emission  line  has  a  distribu¬ 
tion  of  wavelengths  because  of  Doppler  and/or  Stark 
broadening,  the  measured  spectral  line  profile  is 
then  a  convolution  of  these  and  the  analyzer  broaden¬ 
ing  functions.  Because  Doppler  broadening  is  essential¬ 
ly  Gaussian  and  Stark  broadening  is  essentially  Lorent¬ 
zian,  a  simple  resolution  enhancement  procedure  may  be 
possible  using  that  described  above  and  in  Ref.  1.  The 
Voigt  function  fitting  may  need  to  be  limited  to  the 
wings  of  the  spectral  lines  if,  for  example,  self¬ 
absorption  effects  have  reduced  the  central  part  of  the 
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spectral  line. 

This  elliptical  analyzer  spectrograph  may  be 
effectively  applied  to  extended  sources  in  order  to 
obtain  spatially  resolved  spectral  information.  In 
this  application,  the  exit  slit  of  the  spectrograph 
becomes  a  limiting  aperture  which  accepts  radiation 
only  from  a  linear  region  of  the  source  perpendicular 
to  the  Bragg  reflection  plane  and  through  the  source 
focal  point.  If  a  vertical  slit  of  sufficiently  small 
width  is  positioned  between  the  source  focal  point  and 
the  analyzer  (for  example  at  the  total  reflection 
monochromator)  Imaging  along  this  linear  source  region 
occurs  at  nearly  constant  magnification  along  the 
length  of  the  spectral  line  (see  Fig.  25).  Alternative¬ 
ly,  this  one-dimensional  imaging  can  be  obtained  with 
larger  instrument  aperture  by  replacing  the  flat 
monochromator  mirror  and  limiting  slit  by  a  cylindrical 
mirror  of  such  curvature  as  to  focus  the  radiation  from 
a  point  along  the  accepted  line  source  region  to  a 
corresponding  point  along  the  spectral  line. 

In  sunmary,  the  elliptical  spectrograph  has  three 
distinct  advantages  over  the  convex  or  flat  crystal 
instrunents  for  presenting  an  instantaneous  spectrum  of 
pulsed  x-ray  source.  These  result  from  the  collecting 
and  focussing  into  a  line  image  within  an  exit  aperture 
of  radiation  from  a  point  or  line  source,  and  are: 

(1)  the  effective  aperture  for  a  given  wavelength  can 
be  appreciably  larger;  (2)  the  detector  circle  is 
shielded  from  the  total  analyzer  area  by  the  exit  slit 
acting  as  a  scatter  aperture,  thus  allowing  a  consider¬ 
able  reduction  in  background  resulting  from  diffuse  and 
fluorescent  scatter;  and  (3)  the  sharp  line  image  with¬ 
in  the  exit  aperture  allows  a  precise  definition  of  the 
detection  geometry  (for  example,  for  a  film  circle  for 
a  slit  window  of  a  streak  camera),  making  possible  a 
straightforward  and  accurate  absolute  calibration. 

Finally,  it  should  be  emphasized  here  that  for 
optimized  low  energy  x-ray  spectroscopy  it  is  important 
to  choose  the  2d-va1ues  of  the  analyzers  that  are 
comparable  to  the  wavelengths  to  be  measured  in  order 
to  place  the  desired  spectral  bands  at  the  largest 
possible  Bragg  angles.  At  these  large  angles,  the 
relative  effects  upon  spectral  resolution  resulting 
from  crystal  and  source  size  broadening  are  minimized 
because  of  the  higher  dispersion.  Equally  important 
for  the  low  energy  spectroscopy  is  that  only  at  the 
larger  angles  will  the  Bragg  reflection  reflectivity  of 
the  analyzer  be  large  as  compared  to  its  specular 
reflectivity.  At  the  smaller  angles,  below  about  20° 
in  Bragg  angle,  the  specular  reflection  tail  for  the 
longer  wavelengths  can  represent  an  appreciable  back¬ 
ground  at  the  diffraction  line.  It  is  for  this  reason 
that  in  the  elliptical  spectrograph  design  described 
here,  the  spectral  bands  to  be  measured  are  placed 
at  6-angles  from  45°  to  135°. 
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Applications  of  Gratings  In  the  Low  Energy  X-ray  Region 
E.  Kallne 
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ABSTRACT 

The  utilization  of  reflection  and  trjnsmlsslon  gratings  as  active  elements  for  analyzing 
X-rays  In  the  wavelength  region  of  10-250A  la  discussed.  Three  approaches  In  a  focussing 
reflection  geometry  are  considered  which  all  offer  possibilities  to  enhance  the  experimental 
sensitivity  or  the  resolution  In  a  region  of  special  Interest.  An  experliental  analysis  of 
a  standard  grazing  Incidence  Instrument  Is  presented.  Transmission  grating  geometries  are 
examined  using  results  from  planar  transmission  gratings  with  prefocussing  mirrors. 


I .  INTRODUCTION 

The  spectral  analysis  of  X-rays  in  the  soft  wave¬ 
length  region  Is  a  challenge  since  one  has  to  meet  the 
requirements  of  high  efficiency,  high  resolution  and 
spectral  purity.  These  requirements  usually  have  to 
be  satlslfied  simultaneously  and  over  an  extended 
wavelength  range,  for  Instance,  X  z  12-250A.  A  few 
different  approaches  exist  to  diffract  and  focus  the 
X-rays;  one  can  use  the  reflection  and  Interference 
properties  of  gratings,  the  Bragg  diffraction  of 
crystals  (1,2)  and  the  methods  based  on  selective 
absorption  In  multilayer  filters  or  films  (3,4).  This 
paper  discusses  some  novel  and  exciting  as  well  as  more 
traditional  possibilities  to  analyze  soft  X-rays  with 
gratings  and  also  indicates  some  future  possibilities. 

The  first  point  of  consideration  Is  to  make  the 
right  choice  of  dispersive  system  that  meets  the 
particular  requirements  for  the  experiment  at  hand; 
and,  of  course,  these  requirements  must  be  known  and 
suitably  parametrized.  This  point  Is  of  special 
importance  now  that  choices  do  exist  between  different, 
partly  overlapping,  dispersive  techniques.  By 
optimizing  the  choice  one  can  obtain  superior  per¬ 
formance  for  a  specific  application;  for  example,  for 
measurements  of  the  carbon  photon  absorption  edge  at 
280  eV.  This  paper  discusses  different  approaches 
using  gratings  In  reflection  and  transmission 
geometries  and  briefly  points  out  special  advantageous 
features  for  a  few  concrete  cases. 

The  direction  of  X-rays  Is  changed  by  diffraction 
or  reflection.  The  reflectivity  of  materials  decreases 
rapidly  with  wavelength  (R  a  X')  so  there  is  usually 
no  choice  but  using  small  grazing  angles  for  the  wave¬ 
lengths  of  Interest  here.  Furthermore,  for  the  shorter 
wavelengths  one  also  has  to  consider  the  cutoff  at  the 
angle  of  critical  reflectivity  (which  Is  a  material 
property)  which  will  set  a  limit  to  the  angle  of 
incidence. 


II.  FOCUSSING  REFLECTION  GRATINGS 

In  view  of  these  Initial  remarks,  we  can  now 
examine  the  available  techniques  to  diffract  and  focus 
X-rays  in  a  reflection  geometry.  In  the  Rowland  circle 
configuration  (See  Fig.  1) ,  X-rays  from  a  source  point 
(the  entrance  slit)  on  the  Rowland  circle  (diameter  R) , 
are  diffracted  by  the  grating,  (bent  with  radius  of 
curvature  of  R)  and  focussed  to  another  point  (the 
exit  silt)  on  the  Rowland  circle.  This  classical 
approach  will  give  the  highest  possible  resolution  at 
the  expense  of  lost  Intensity  due  to  severe  spherical 
aberrations.  Theoretical  analysis  of  the  X-ray  optics 


FIs.  1  The  Rowland  circle.  Radialion  from  the  point  £  is  dispersed  and  focused  by 
the  grating  at  li,  1,.  etc.  a  and  ff  are  the  angles  of  incidence  and  diffraction,  respectively. 

• 

magnitude  to  about  lOX  in  the  most  favorable  case.  It 
is  worthwhile  to  stress  the  importance  of  having  the 
grating  as  an  exchangeable  part  of  the  optical  system. 
This  usually  Implies  a  nontrivial  design  problem  as  in 
many  Instruments  the  grating  Is  a  permanent  part  of 
the  system  and  mechanically  interfaced  with  other 
components  for  complicated  alignment  procedures. 

The  Rowland  circle  geometry  has  been  used  for 
many  applications  and  I  will  here  give  a  few  examples 
of  some  newly  implemented  Instrumentations. 

The  astigmatic  Image  from  the  spherical  grating 
in  the  Rowland  circle  geometry  can  be  used  to  give  a 
spatial  imaging  In  the  non-dispersive  plane.  This  has 
recently  been  utilized  In  plasma  diagnostic  applications 
of  imploding  foils  and  laser  produced  plasmas  (7).  The 
spatial  imaging  Is  then  achieved  either  by  using  a 
pinhole  as  the  entrance  slit  or  by  imaging  the  source 
onto  the  entrance  slit  with  a  cylindrical  mirror,  A 
1  m  Rowland  circle  with  a  spherical  grating  has  been 
found  suitable  to  meet  the  resolution  and  sensitivity 
requirements  of  these  applications. 

The  throughput  of  a  grazing  Incidence 
monochromator/ spectrometer  as  a  function  of  wavelength 
can  be  analysed  by  using  a  second  dispersive  element 
after  the  monochromator.  If  the  characteristics  of 
this  second  analyser,  a  transmission  grating  for 
instance,  have  been  measured  earlier  (8),  the  Intensity 
distribution  measured  after  the  transmission  grating 
can  be  related  directly  to  the  output  of  the  grazing 
incidence  monochromator.  Such  an  experiment  was 
recently  performed  at  the  4°  beamline  at  Stanford 
Synchrotron  Radiation  Laboratory  (9)  using  the  grazing 
Incidence  monochromator,  "the  Grasshopper".  From 


of  the  grazing  Incidence  Rowland  circle  geometry  can 
be  found  in  Ref.  5.  The  efficiency  of  the  system  Is 
very  sensitive  to  the  surface  properties  of  the 
diffraction  grating.  To  overcome  this  problem  several 
new  developments  have  appeared  that  improve  the 
quality  and  efficiency  of  reflection  gratings  (6),  It 
can  be  noted  that  by  improving  the  grating  quality  the 
diffraction  efficiency  has  been  Increased  an  order  of 

0094-243X/81/750097-04$1,50 


Fig.  3  It  can  be  seen  that  the  output  beam  Is  heavily 
contaminated  by  higher  order  harmonics  at  the  lower 
energies  to  an  extent  that  would  be  detrimental  for 
experiments  requiring  well  calibrated  and  monochromatic 
light  as,  for  Instance,  Is  needed  for  absolute  cross 
section  measurements.  A  standard  technique  to  deter¬ 
mine  the  flux  I(X)  Is  by  measuring  the  electron 
emission  yield  from  a  gold  foil  that  la  radiated  by  the 
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msxinuiii  intensity  In  the  uavelength  region  of  interest 
(XI). 

Another  approach,  which  uses  a  toroidal  geoiaetry, 
has  recently  been  implemented  for  a  ntaaber  of  diverse 
applications  (See  Fig.  6).  In  this  geometry  the  X-rays 


light  from  the  output  beam.  A  comparison  between  the 
wavelength  lotenslty*dlstrlbutlon  recorded  in  this  way 
with  the  results  from  the  spectral  analysis  of  the 
beam  using  transmission  gratings  is  shown  In  Fig.  4. 
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It  is  worth  noting  that  the  standard  gold  yield 
measurement  is  not  only  Incapable  of  detecting  higher 
order  harmonics  but  their  presence  will  also  distort 
the  1(A)  distributions  extracted  from  the  measured 
yield. 

There  are  different  ways  to  remedy  problems  with 
higher  order  harmonics,  at  least  in  part.  By  using 
appropriate  filters,  it  Is  possible  to  absorb  the 
second  order  harmonics  but  it  is  hard  to  find  a  filter 
combination  that  will  pass  only  the  first  order  and 
extinguish  all  other  higher  harmonics.  A  superior 
solution  to  this  problem  was  introduced  by  Jaegle  (10) 
in  a  double  grating  monochromator  with  an  intermediate 
mirror  (Fig.  S  taken  from  ref.  11).  This  system  gives 
an  excellent  flexibility  for  adjusting  the  number  of 
optical  components  to  give  a  sufficiently  pure  and 
intense  beam  for  the  specific  requirements  of  each 
experiment;  i.e.  the  instrument  also  becomes  very 
versatile.  Moreover,  the  posalblllty  to  change  the 
grazing  incidence  angle  gives  a  possibility  to  tune  for 


are  focussed  both  in  the  dispersive  and  the  non- 
dlsperslve  planes  which  is  a  way  to  reduce  the  intensity 
losses  due  to  aberrations  (12,13).  A  comparison  be¬ 
tween  the  toroidal  geometry  and  the  spherical  Rowland 
circle  geometry  was  recently  performed  which 
demonstrated  the  superior  throughput  of  the  toroidal 
geometry  (14).  A  drawback  is,  of  course,  the  complex 
toroidal  surface  of  the  grating  which  Introduces 
manufacturing  difficulties  and  costs.  In  an  alternative 
approach  one  circumvents  these  problems  but  retains  the 
superior  light  collection  of  the  toroidal  surface  by 
separation  of  focussing  and  dispersive  elements,  i.e., 
through  the  combined  use  of  a  toroidal  mirror  and  a 
spherical  grating  (15). 

As  a  final  example  of  configurations  with 
reflection  gratings,  I  shall  mention  the  recently 
proposed  off  axis  geometry  as  shown  in  Fig.  7  from 
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ref.  16.  The  advantage  of  this  aethod  Is  the 
Increased  reflectivity  conpared  to  other  approaches, 
which  could  be  extreisely  useful  for  experlaents 
requiring  nedlum  wavelength  resolution  %dille  the 
classical  Rowland  circle  geooietry  still  offers  the 
superior  resolution  with  a  concave  grating. 


III.  TRANSMISSION  GRATINGS 

The  difficulties  with  reflection  geoiaetry  optics 
(low  reflectivity,  higher  order  overlap,  surface 
sensitivity  to  Inpurltles,  etc),  can  all  be  avoided 
by  using  transnlsslon  gratings  (17). 

These  new  gratings  of  high  transmission  efficiency 
(typically  ^lOZ)  have  recently  been  the  objective  of 
experlaients  to  test  the  full  potential  of  these 
devices  for  X-ray  optics  applications  as  well  as  for 
basic  materials  measurements  (18).  These  experiments 
have  demonstrated  the  possibility  to  utilize  the  phase 
shift  of  the  partially  transmitted  beam  to  enhance  the 
diffracted  Intensity  distribution  In  a  limited  wave¬ 
length  range  (Fig.  8).  The  Implementation  of 
transmission  gratings  Into  a  spectroateter  was  first 
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done  on  the  Einstein  Observatory  (19)  In  a  telescope 
geometry  with  a  circular  array  of  160  transmission 
gratings  mounted  after  the  Wolter  type  mirrors.  The 
Initial  tests  of  the  performance  of  the  system  showed 
a  resolution  of  E/AE  '^30  limited  by  the  telescope 
and  the  natural  line  width  in  the  energy  range 
100-1000  eV.  n/ith  a  convergent  beam  through  the  planar 
transmission  grating  the  resolution  will  be  limited  by 
the  aberration  introduced  by  the  focussing  mirror. 
Furthermore,  the  first  approach  to  a  transmission 
grating  monochromator  Is  to  Introduce  a  single  rotation 
of  the  grating  to  scan  an  extended  wavelength  region. 
With  a  prefocussing  mirror  mount  as  In  the  Wolter  type 
telescope  the  focal  plane  will  not  be  fixed  In  space 
upon  rotation  of  the  grating  and  only  a  limited  wave¬ 
length  range  can  be  covered  with  a  fix  detection  (20). 
This  problem  Is  similar  to  the  one  encountered  for  a 
zone  plate  monochromator  (23). 


IV.  CONCLUSION 

Several  different  reflection  and  transmission 
geometries  have  been  discussed  to  analyse  soft  X-rays 
with  gratings.  It  Is  clearly  within  reach  to  obtain 
efficiencies  of  1S-25Z  over  a  limited  wavelength  range 
and  this  opens  up  exciting  possibilities  In  a  variety 
of  fields  such  as  X-ray  astronomy,  plasma  diagnostics 
and  synchrotron  radiation  applications.  It  seems 
realistic  to  envision  the  realization  of  future 
monochromators  built  In  modules  with  several  gratings 
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of  different  parameters  in  the  ssane  Instrument  to  cover 
an  extended  wavelength  range.  With  this  approach  It 
Is  possible  to  take  advantage  of  the  high  reflectivity 
an  off-axis  geometry  can  give  and  also  the  high 
diffraction  efficiency  of  a  transmission  grating.  The 
narrow  band  application  does  not  necessarily  generate 
a  multitude  of  nonversatlle  Instruments  but  rather 
emphasizes  the  aspect  to  consider  the  optical 
components  in  a  spectrometer  to  be  interchangeable  to 
suit  the  specific  applications. 
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ABSTRACT 

Both  crystal  dispersion  and  diffraction  gratins  Instrunents  are  routinely  used  for  soft 
X-ray  dispersion  In  the  fusion  prograane  at  the  Culhaa  Laboratory  where  the  keV  plasaas  studied 
range  froa  highly  transient,  high  density  n  S'  lo^^  sa”^,  laser-produced  plasaas  to  relatively 
low  density,  ne  >  loiSca"^  tokaaak  plasaas.  In  this  paper  the  soft  X-ray  spectral  features 

these  plasaas  are  discussed  and  the  design  paraaeters  of  appropriate  Instruaents  for  X-ray 
studies  are  considered. 

Useful  spectral  surveys  of  laser-processed  plasmas  have  been  obtained  using  crystals  bent 
convex  In  the  de  Broglie  node;  higher  aperture  concave  Johann  configurations  have  been  designed 
and  constructed  with  aultlchannel  read  out  lor  tokaaak  studies.  Grazing  Incidence  diffraction 
grating  Instruaents  have  been  operated  In  the  photographic  survey  node  and  as  double  channel 
aonochroaators .  Operating  experience  with  existing  Instruaents  Is  assessed.  Exaaples  of 
spectral  Information  In  the  wavelength  region  'x*  4  A  to  400  A  are  presented  and  their  use  in 
plasaa  diagnostic  studies  is  discussed. 


I.  INTRODUCTION 

Within  the  wide  range  of  possible  neasureaent 
techniques  available  to  physicists  in  their  studies  of 
high  temperature  plasaas  of  theraonuclear  fusion 
interest  [l]  -  [b]  perhaps  the  most  Inforaatlve  are 
those  diagnostics  which  operate  In  the  soft  X-ray 
region  of  the  spectrum,  hv  'x-  1  keV  [?]■ 

In  'state  of  the  art'  fusion  experlaenta,  electron 
teaperatures  kT  ^  1  keV  are  coaaonly  achieved  both  In 
low  density,  n^  =  lO^^ca'^,  aagnetlc  conflneaent  devices 
such  as  tokaaaks  and  In  inertlally-conflned  plasmas 
where  liquid  densities  or  above  have  been  reached.  The 
spectral  Intensity  of  the  continuum  emission,  neglecting 
for  the  aoaent  any  recombination  steps,  will  peak  at 
hVg„  =  2  kTe.  Line  ealsston  froa  all  ions  which  might 
be  present  in  the  plasaa,  excepting  the  lightest  gases, 
will  extend  throughout  the  VUV  and  soft  X-ray  regions; 
even  as  far  as  hv  'X/  10  kTe  for  soae,  hydrogen-like  and 
hellua-llke  Ion  configurations.  Figure  1,  for  example. 
Illustrates  the  energy  spread  of  the  aore  Intense 
emission  lines  froa  Iron.  Most  of  the  line  features 
have  quantum  energies  between  31  eV  and  1.24  keV,  le, 

400  J  and  10  X.  The  approxlaate  temperature  at  which  the 
Ions  will  appear  In  Ionisation  equlllbrlua  Is  the  ap¬ 
propriate  excitation  energy  for  the  An  =  1  transitions 
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Fig  1.  Excitation  energies  ,  of  An  =  1 ,  An  «  0 
transitions  In  Iron  Ions  of  charge  state  q. 


divided  by  a  factor  between  1  and  4.  At  teaperatures 
K  1  keV  the  aost  intense  resonance  An  >  1  lines  of  the 
coanon  aetals  lie  In  the  X-ray  region  proper,  see  Figure 
1;  but,  even  In  aultl-keV  plasaas.  Interest  in  the  soft 
X-ray  region  and  in  the  VUV  region  Is  sustained  since 
the  theraal  energy  X-ray  lines  and  continuua  can  readily 
be  confused  with  ealsslon  froa  a  high  energy  tail  of  a 
distorted  Maxwellian  electron  energy  distribution.  This 
Is  very  nicely  Illustrated  by  the  coded  aperture  laages 
of  laser  irradiated  alcroballoon  targets  [s],  where  tbe 
higher  energy  X-ray  ealsslon  Iron  supra  theraal  electrons 
at  Che  surface  of  the  Irradiated  shell  can  in  this  case 
be  clearly  distinguished  froa  the  softer,  theraal  ealsslon 
froa  the  compressed  core  plasaa.  The  soft  X-ray  ealsslon, 
'x.  0.1  keV  to  'x^  1  keV,  reaalns,  there torxx,  s  aore 
characteristic  monitor  of  the  bulk  theraal  content  of  the 
plasaa. 

The  present  paper  sets  out  first  of  all  to  describe 
tbe  plasaa  and  atoalc  rate  processes  which  give  rise  to 
these  spectral  features  which  sre  of  prlae  diagnostic 
Interest.  Although  tokaaaks  and  laser-irradiated  targets 
frequently  generate  the  saae  Ion  species,  these  sources 
are  discussed  separately  since  their  diagnostic  require- 
aents  are  usually  very  different.  In  tokaaaks,  for 
example,  impurity  ion  diffusion  might  be  the  aost 
Important  paraaeter  to  derive  from  soft  X-ray  spectro¬ 
scopy,  while  la  laser  coapressloa  experiments  line 
broadening  leading  to  values  of  the  coapressed  density, 
p  ga  ca  ang  of  tbe  Inertial  confinement  factor, 

/p.dr  ga  ca  ,  are  often  the  most  sought  after  para- 
aeters . 

Tbe  design  criteria  for  X-ray  instruaentatlon  Is 
discussed  bearing  In  alnd  the  possibility  of  Investi¬ 
gating  specific  sspects  of  plasaa  behaviour.  Stated  In 
a  different  way,  the  Instruaents  are  designed  with  a 
particular  diagnostic  aeasureaent  In  alnd  rather  than 
as  'botanical'  survey  Instrunents  for  cataloguing 
spectral  features.  In  section  IV,  we  cite  exaaples 
of  the  types  of  graslng-lncldence  grating  spectro- 
aeters  and  crystal  spectroaeters  that  are  in 
operation  at  the  Culhaa  Laboratory  and  we  speculate  on 
more  ideal  systems  which  require  yet  further  developaent. 

II  SOFT  X-RAY  SPECTRAL  FEATURES  OF  keV  PLASMAS 
IN  LABORATORY  FUSION  STUDIES 

A .  Tokaaaks . 
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Tokuiaks  operating  with  plunu  whose  electron 
teaperature  is  typically  kTe  ^  1  keV  and  with  a  central 
electron  density  in  the  range  5  x  10^  ^  n  ^SxlO^'ca* , . 

have  eaisslon  features  in  the  soft  X-ray  region  which 
are  closely  siailar  to  those  froa  solar  active  regions. 

An  electron  teaperature  of  t  1  keV  can  be  achieved 
alaoat  routinely  by  slaple  obalc  beating.  This  value 
can,  in  principle,  be  increased  by  heating  the  electrons 
directly  at  the  electron  cyclotron  resonance  frequency, 
so-called  ECRU  heating.  So  far,  with  aodeat  input  powers 
of  0.1  UW,  factors  of  two  increase  at  sub  keV  teaper- 
atures  have  been  achieved  [Oj.  More  indirectly,  the 
electron  heat  content  can  also  be  Increased,  via  the  ions 
by  wave  heating  at  the  ion  resonance  frequencies  [lO]. 
Auxiliary  heating  with  particle  (eg  H°)  beaaa  la  also 
topical  [ll]  [12]  and  indirectly  beats  the  electrons.  At 
the  aulti-MW  level  in  the  POX  and  PLT  tokaaaks  [ll]  [12], 
particle  beam  heating  has  produced  something  of  a  record 
with  ion  temperatures  as  high  as  7  keV  and  electron 
temperatures  kTe  't.  3  keV;  these  two  temperatures  are 
decoupled  partly  due  to  electron  heat  loss  but  mainly 
due  to  the  low  frequency  of  electron-ion  collisions  at 

n  ■x.  1x10  m". 

o 

The  main  spectral  features  froa  these  plasmas  in 
the  soft  X-ray  region  are  line  emission  from  highly 
ionised  impurities.  Light  elements  eg  0,  N,  C  etc  are 
present  typically  to  the  extent  of  0,01  n  ,  while 
heavier,  usually  metal  impurities  eg  Ni  Fe  T1  Ho  etc. 
from  the  walls  and  from  current  aperture  limiters,  have 
typical  concentrations  'v  0.001  n  .  In  particularly 
clean  tokamaks  with  getterlng  anS  divertors  [13],  these 
impurity  concentrations  can  be  reduced  by  an  order  of 
magnitude  or  more.  We  shall  see  section  III,  that  this 
has  an  Important  bearing  on  instrument  aperture  for 
soft  X-ray  studies. 

The  metallic  impurity  ions  in  the  core  of  a 
tokamak  plasma  have  ionisation  potentials, 4i(q)  where 
q  is  the  ion  charge  state,  which  characteristically 
are  three  or  four  times  the  electron  temperature  and 
with  the  relative  populations  of  the  different  charge 
states  in  approximately  coronal  equilibrium  [14],  In  the 
PLT  tokamak  at  Princeton  (PPL),  however,  the  impurity 
ion  species  are  located  typically  at  somewhat  higher 
values  of  Te  on  the  Te(r)  profile  than  would  be  predicted 
by  coronal  ionisation- recombination  balance.  Uncertainty 
in  the  atomic  rate  coefficients  could  account  in  some 


measure  for  the  somewhat  different  conclusions  of  the 
TFR  tokamak  group  [14]  and  of  the  Princeton  Group.  It 
appears  that  the  spatial  location  of  the  ion  populations 
is  more  sensitive  to  uncertainties  in  atomic  rates 
than  to  possible  variations  in  particle  diffusion  rates 
[is].  In  the  outer,  lower  temperature  regions  of  the 
plasma,  departures  from  coronal  equilibrium  are  com¬ 
monly  observed  due  to  the  relatively  rapid  recycling  of 
the  impurities  between  the  plasma  boundary  and  the 
limiter  and  vessel  walls. 

3  5-1 

The  low  collieioD  rates  in  tokaaaks,  10  -  10  s 
ensures  that  forbidden  lines  which  also  appear  in  the 
,  solar  spectrua  and  extend  froa  the  X-ray  region  to  the 
visible  are  noteworthy  features  of  the  tokaaak  spectrua. 
Figure  2  illustrates  the  wavelength  dependence  of  the 
forbidden  and  allowed  lines  froa  ions  belonging  to  the 
carbon  iso-electronic  sequence.  The  allowed  An  »  0 
transitions  of  the  coaaon  aetals  lie  In  the  extreae 
vacuua  UV  (XUV)  region,  100  X  ^  A  ^  200  X;  the  inter- 

systea  lines  are  at  soaewhst  longer  wavelengths  while 
the  important  forbidden  lines  due  to  111  transitions 
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Pig  3,  Section  of  soft  X-ray  spectrua  (75  X  -  135  X) 
froa  DITE  tokaaak.  The  resonance  lines  of  the  light 
gas  ions  of  0  and  C  In  high  order  nuaber  'n'  are 
Interspersed  through  the  TI  and  Fe  ion  mission. 


Fig  2.  Wavelengths  of  soae  laportsnt  transitions  in 
csrbon-llke  ions  as  a  function  of  atonic  nuaber  Z. 
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Fig  4.  Section  at  soft  X-ray  spectrum  (15  S  -  35  ]{) 
from  DITE  tokamak.  Three  different  operating  conditions 
are  shown.  In  (a)  the  discharge  Is  ohmlcally  heated  (50 
kA  current)  and  the  current  aperture  limiters  are  Mo. In 
(b)  and  (c)the  limiters  are  T1  and  C  while  the  plasma 
ohmic  heating  current  and  neutral  Injection  (NI)  power 
are  as  Indicated. 


between  levels  within  the  ground  configurations  lie 
typically  In  the  VUV  region  of  the  spectrum. 

An  >  0  transitions  of  the  common  metals  whose  Ions 
are  Isoelectronlc  with  carbon  or  with  any  other  Ion  In 
the  neon-shell,  (le  the  so-called  M-sbell  transitions), 
lie  In  the  soft  X-ray  region.  In  this  region  of  the 
spectrum,  10  X  ->-  t  100  X,  the  An  >  0,  M-shell  metal 
lines  form  a  well  separated  group  from  the  An  =  0  lines 
as  Indicated  In  figure  1,  and  Interspersed  through  these 
two  groups  are  the  K-shell  An  >  0  resonance  lines  of 
Ionised  light  Impurities.  Figure  3  Illustrates  a  section 
of  the  spectrum  near  100  a  from  the  DITE  tokamak:  the 
main  line  features  are  from  Ionised  T1  and  Fe.  The  most 
highly  charged  states  of  the  metals  observed  In  these 
discharges  with  Te(o)  >  800  eV  were  TlXX  and  FsXXI. 
Emission  at  the  shorter  wavelengths,  around  25  X  In  the 
soft  X-ray  region,  Is  Illustrated  lor  a  number  of  dif¬ 
ferent  DITE  plasma  conditions  In  figure  4.  It  Is  worth 
noting  that  with  mors  limited  resolution  the  FeXVII 
2p-3d,  3s  multlplets  (upper  trace)  between  IS  S  and  17  X 
could  easily  be  confused  with  the  FIX  and  FVIIi  lines 


which  appear  at  or  near  the  same  wavelengths  during  neut¬ 
ral  beam  Injection (lower  trace).  A  resolution  Interval 
of  0.1  A  or  better  Is  desirable  therefore  In  this  wave¬ 
length  region. 

Very  high  resolving  power,  sufficient  to 
undertake  line  profile  studies.  Is  difficult  to 
achieve  with  grating  dispersion  at  grazing  Incidence. 
Instrumentation  for  line  profile  analyses  Is  more 
easily  achieved  using  crystal  dispersion  at  shorter 
wavelengths  or  with  normal-incidence  gratings  at 
much  longer  wavelengths.  Of  more  Interest  In  tokamak 
physics  is  the  absolute  soft  X-ray  photon  fluxes 
from  which  are  derived  th  '  spatial  concentration  of 
the  Impurity  ions  since  these  Influence  the  overall 
energy  balance  and  even  plasma  stability  [16]. 

Impurity  ion  transport  In  tokamaks  Is  a  complex 
problem  and  depends  on  particle  diffusion  coupled 
with  the  atomic  rate  coefflclenta,  viz. 
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where  S  (q) ,  R  (q)  are  the  total  ionisation  and  re- 
combination  rates  and  D  (q)  is  the  diffusion  rate  [l7] 
which  depends  in  a  coapfex  way  on  the  ion  colliaionality , 
and  on  the  temperature  and  particle  density  scale  lengths. 
R  (q)  includes  collislonal-radlatlve  and  dielectronic  re* 
combination  as  well  as  charge-  exchange  recombination  from 
both  injected  high  energy  neutrals  and  from  background 
thermal  neutrals  [18].  For  diffusion  rates  much  lower 
than  the  atomic  rates,  coronal  equilibrium  of  the  ion 
populations  is  assured.  The  opposite  is  the  case  for 
relatively  fast  ion  diffusion.  Typical  ion  diffusij^ 
times  in  l^kamakj^are  lO^s  ■*  100ms  and  with  N  10  cm 
n  T  10  10  >  cm~  a,  where  t  Is  the  effective  ion 

cSnflnement  time.  This  value  of  nt  is  of  the  same  order 
as  that  required  to  achieve  ionisation  balance  between 
the  ion  species  so  the  full  rate  equations  (1) »  generally 
need  to  be  solved. 

Space  resolution  of  the  emission  lines  from 
tokamaks  shows  that  each  ion  species  occupies  a  limited 
volume  of  the  plasma  where  its  concentration  reaches  a 
maximum.  H-like  and  He-like  ions  are  somewhat  anomalous 
relative  to  other  ion  species  in  that  their  dielectronic 
recombination  rates  are  relatively  low,  see  figure  5. 

These  ion  species  can  therefore  *  visit*  more  extensive 
temperature  regions  of  the  plasma  than  the  other  ions, 
without  recombining.  They  are  therefore  useful  monitors 
of  ionic  diffusion  and  their  characteristic  ^ines  and^ 
coctlnuua  in  |he  soft  X-ray  region,  the  Is  S^-ls2p  P^/ 
la  ^.S^-ls2p  intercomblnation/allowed  line  ratio  for 
exampAe  [19],  and  the  free-bound  recombination  edge  [20], 
bav<  ..een  used  for  this  purpose.  A  corollary  to  the 
relatively  low  dielectronic  recombination  of  the  K-and 
He-like  ions  is  their  relatively  high  sensitivity  to 
the  presence  of  neutrals  through  charge-exchange  re¬ 
combination,  figure  5. 

Since  charge  exchange  recombination 
populates  the  higher  quantum  levels ,  n  s  q  *  where  q  is 
the  ion  charge,  the  appearance,  synchronous  with  the 
beam  current  rise-time,  of  high  quantum  transitions  in 
Impurity  ions,  is  Indicative  of  H  beam^lnjection.  The 
concentrations  of  Impurity  nuclei,  eg  0  ,  which  ordin¬ 

arily  are  difficult  to  detect,  can  be  measured  in  this 
way[2l].  The  emission  rate,  neglecting  cascades  frou 
the  upper  levels,  is  simply, 


I V  N<0®*) 
Jk  b  chx 


.  .  .(2) 


k=J-l 


where  V  is  the  b^.-oa  velocity. 

While,  per  charge  exchange  collision  tiae  (which 
equals  the  ionisation  tiae  in  a  steady-state  beoa- 
injected  plasaa) ,  the  population  of  the  n  =  2  level  of 
OVIII  alght  increase  by  a  factor  of  about  two  or  lass 
due  to  charge  transfer  froa  o”  ,  (electron  iapact 
excitation  always  being  a  heavily  coapetlng  process  for 
low  quantua  states)  the  population  of  the  upper  levels, 
in  contrast,  can  have  their  relative  population  Increased 
by  well  over  an  order  of  aagnitude  duo  to  charge 
exchange.  Typically,  OVIII  will  be  enhanced  during 
the  beaa  injection  pulse  by  a  factor  of  20  or  aore  rel¬ 
ative  to  its  intensity  prior  to  beoa-lnjectlon.  The  Ly-o 
line  of  OVIII  at  lOR  reaains,  therefore  a  good  aonitor 


of  changes  in  the  ground  state  population  and 
thus  of  the  ionisation  balance,  while  the  H  doublet 
at  102,37,  .SI  X  is  aore  useful  for  aonltorJng  and 
napping  out  the  h"  particle  beaa  penetration  into 
the  plasaa.  Isler  [32]  was  the  first  to  recognise 
the  iapllcatlons  of  the  steep  increase  in  OVIII  H 
during  H°  beaa  injection  into  tokaaaks.  More 
recently  he  haa  used  the  proapt  radiation  froa  thg^ 
S-4  transition  in  OVIII  at  632  A  to  aeasure  the  0 
concentration  [23].  Slallar  aeasureaants  have  bsen 
nade  for  N(C°^)  using  CVI  Ly-a  at  33  A  by  Afrosinov 
et  al  [24]. 


Fig  S.  Reconblnation  rates(en  s  S  of  the  aost  abundant 
ion  species  of  Iron  in  coronal  equilibrlun.  For  the  H- 
and  He-like  species  the  dielectronic  rates  are  relatively 
low  while  charge  transfer  recoabination  froa  neutral 
hydrogen  whose  concentration  relative  to  the  electron 
density  is  taken  as  n  /n  =  5  x  10  .is  relatively 
large.  (0  E  Post  snd^R  A  Hulse,  PPL). 


In  suaaary,  the  design  guide-lines  for  soft  X-ray 
instruaentatlon  of  tokaaaks  place  a  high  priority  on 
a  spatial  scan  of  the  plasma.  Since  line  profile 
analyses  is  aore  appropriate  to  the  X-ray  and  WV 
wavelength  regions,  soft  X-ray  Instruaents  are  re¬ 
quired  to  have  only  sufficient  resolving  power. 

10^  at  10  X  and  %  3  x  10^  at  100  X,  in  order  to 
separate  out  and  unambiguously  Identify  the  line 
features.  The  Instruments  however  need  to  be  calibrated 
against  absolute  photon  flux  intensity  tailing  on  the 
diffraction  element.  A  sufficiently  high  aperture 
to  give  time  resolution  of  1  ms  is  desirable,  while 
continuous  spectral  scans  with  multi-channel  electronic 
read-out  would  be  an  appealing  feature. 

Because  of  the  large  plasaa  dimensions,  typically 
0.1m  to  Im,  X-ray  imaging  systems  such  as  coded  aper¬ 
tures  or  graxlng  incidence  focusing  optics  are  less 
useful  than  tomographic  analyses  of  the  line-of -sight , 
chordal,  soft  X-ray  fluxes.  The  derivation  of  spatial 
plasaa  profiles  at  PPL,  Princeton  University  [2S], 
using  surface  barrier  detector  arrays  which  simultan¬ 
eously  and  continuously  view  as  many  as  20  chords 
through  a  tokamak  has  very  adequately  demonstrated  the 
power  of  this  techn-que.  Nsvertbeless ,  a  simple  pin¬ 
hole  imaging  system  with  image  intenslfler  cameras  and 
I-D  electronic  read-out  with  framing  rates  of  SO  KHz  has 
been  proposed  for  tokamak  diagnostics  [26]. 

B.  Laser-Produced  Plasmas 

Irradiation  of  solid  targets  by  intense  laser  beams 
has  produced  approximately  the  same  range  of  ion  species 
as  has  magnetically  confined  plasmas.  By  'tailoring'  the 
light  irradiation  intensity  at  the  target  surface  it  is 
possible  to  replicate  the  ionic  emission  froa  tokaaaks, 
figure  6. 

Using  Ipw  laser  light  a  critical  density  for 

tota|  ligh|  reflection  of  10  cn~  ,  a  flux  intensity  of 
'><  10  wca  at  the  target  surface  will  produce  an  elec¬ 
tron  temperature,  kTe  'v  1  keV,  and  light  atoms,  eg  0,  C, 

N  etc  in  the  critical  density  layer,  will  be  stripped 
typically  of  all  their  electrons.  The  common  metals 
appear  as  He-  and  Li-llke  ions  while  heavier  elements, 
such  as  Au,  can  lose  some  SO  or  more  of  their  outer 
electrons . 
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In  contrast  to  magnetically  confined  plasmas  How¬ 
ever,  the  interesting  physics  of  the  laser  int«)raction, 
such  as  the  light  absorption,  energy  balance,  and  heat 
and  particle  transport  into  the  solid,  takes  place  in  a 
highly  constricted  space  and  time  scale.  Measurements 
with  10  ps  (temporal)  and  Ipm  (spatial)  resolutions  are 
de||ra^le.  Collision  processes  are  extremely  rapid 
10  s  so  that  radiative  decays  from  metast^ble  levels 
are  not  obser«red.  For  example,  the  3d  -3d  4s(E2) 

forblddj^n  ^ines  of  HoXVI  and  MoXV ,  which  have  A  values 
of  10  s  and  are  strong  features  of  the  Mo  spectrum 
in  a  tokamak.are  absent  in  laser  irradiated  Mo-targets, 
figure  6. 

Despite  the  high  collision  frequency,  ionisation- 
recombination  equilibrium  is  not  a  general  rule  in  laser- 
matter  interaction  experiments.  This  is  due  to  the  steep 
density  gradients  ( lum)  where  i  is  the  density 
scale  length,  the  (less  severe)  temperature  gradients, 
and  the  high  streaming  velocity,  >  10  cm  s  ,  of  the 

plasma  as  it  expands  away  from  the  faser  energy 
deposition  layer.  Jhe  effective  ion  confinement  time 
(ts/V^  )'^(n  R^(q))  and  the^^alu^  of  the  confinement 
parameier  n®T^(n  its/V.^=  10  cm  s)  are  less  than  those 
necessary  to  achieve  ionisation  balance  (27}. 

The-  main  diagnostic  parameters  of  interest  in 
laser-plasma  interactions  or  laser-driven  compression 
experiments  are  the  spatial  density  structure  in  the 
inter-action  region  and  the  compressed  core  density 
r  and  the  confinement  factor  /o.dr.  These  parameters 
0  and  /o.dr  can  be  derived  conveniently  from  line 
broadening.  Linear  Stark  broadening  of  H-like 
transitions  in  these  high  density  plasmas  is  often 
of  the  order  10  so  that  ions,  eg  Ar  XVIII, 

seeded  into  the  compressed  plasma,  emit  lines 
which  can  act  as  density  indicators.  The  use  of 
linear  Start  broadening  is  restricted  not  only  to 
hydrogenic  (degenerate)  levels  but  in  practice  is 
often  restricted,  also,  to  intermediate  quantum 
levels.  High  quantum  transitions  merge  with  the 
continuum  while  transitions  from  the  lowest  quanttxm 
levels  are  often  optically  thick  to  line  radiation. 


An  optical  depth  t  for  Ly-u  can  often  be  between 
10  100  while  for  Ly-B  a  value  of  'w  1  is  more 

usual.  It  is  important  to  note  that  a  single 
observable  such  as  the  half  Intensity  width  of  an 
optically  thick  line  is  not  of  itself  a  unique 
function  of  the  plasma  microfield  broadening  and 
therefore  of  n  but  depends  also  on  the  number 
density  of  the^emitter  ions  [28].  More  appropriately, 
the  series  members  such  as  Ly-a,  -B  are  used  to  derive 
the  product  of  the  emitter  concentration  and  scale 
length,  ie  /f  .dr,  from  their  opacity-distorted  pro¬ 
files,  while  the  optically  thin,  higher  series  members 
eg  Ly-Y  and  Ly-6  and  H  which  all  suffer  mainly  Stark 
broadening,  are  used  to  derive  ,  . 

Crystal  instruments  are  most  often  used  for  line 
profile  analyses  at  ><25^  [28]  [29],  although  the 

plasma  microfield  broadening  of  the  optically  thin 
line  wings  can  be  sufficient  at  longer  wavelengths  to 
contemplate  the  use  also  of  grazing-incidence  grating 
dispersion  [30].  Space  resolution  is  simply  but  in¬ 
efficiently  effected  by  positioning  an  aperture  between 
the  plasma  and  dispersion  element  or  between  the  input 
slit  and  the  dispersion  element  in  the  case  respectively 
of  a  crystal  or  a  grating  spectrometer.  Relay  focusing 
optics  using  grazing-incidence  mirrors  allows  the 
spectrometers  to  be  remotely  positioned  from  the  plasma. 
When  considering  X-ray  imaging  systems  [8]  [3l],  coded- 
aperture  and  reflection-optics  microscopy  allow  a  large 
increase  in  the  soft  X-ray  throughput  (for  a  given  spatial 
resolution)  over  that  available  with  a  pin-hole  aperture. 
Time-resolution  of  the  soft  X-rays  is  now  routinely 
achieved  by  projecting  an  X-ray  image  or  spectrum  onto 
the  photocathode  of  a  gated,  imag(--intensifier .  These 
cameras  have  inherent  resolutions  of  Ips  and  20  ;/mm. 
Remarkable  advances  have  been  made,  during  recent  years 
in  the  diagnostics  of  these  highly  transient  micron-size 
plasmas  [3l].  However,  a  combination  of  high  light 
throughput,  time  resolution  space  resolution  -  l,.m 

and  .spectral  resolution  -V  10^,  is  still  something  of 
a  tour  de  force. 
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Fig  6.  Soft  x-ray  spectrum  from  DITE  tokamak  operated 
with  a  Mo  limiter  (upper)  compared  with  spectrum  from 
laser-irradiated  solid  Mo  target(lower) .  Note  the  ap¬ 
pearance  ot  the  Mo  forbidden  lines  in  the  tokamak  spectrum. 
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III  DESIGN  CRITERIA  FOR  SOFT  X-RAY 
INSTRUMENTATION 

A.  TokABAks 


Id  the  design  of  dispersion  Instriuients  for  fusion 
studies  It  Is  pertinent  to  consider  firstly  the  Intensity 
of  the  emission  lines  from  the  plssms  end  secondly  the 
throughput  efficiency  required  of  the  spectrometer  to 
achieve  s  desired  time  or  spectral  resolution.  The  volume 
emlsslvlty  of  a  line  Is  simply 
N  (q  )  A  hv 

/E  (X)  dX  =-5— J—jJ - ...  <3) 

4ir 


The  local  concentrations  of  the  ions  of  atonic  number  Z 
and  charge  state  q  is  often  the  parameter  of  interest. 
The  population  of  level  J  can  be  calculated  in  terms  of 
the  ground  state  population  using  appropriate  numerical 
codes  [32]  which  include  the  collisions!  and  radiative 
coupling  processes  between  a  significant  fraction  of  all 
the  levels y  including  levels  i  and  J.  More  simply,  the 
coronal  relation  can  sometimes  be  used. 


/e  (X)  dX  = 


ij 


(4) 


IJ 


A<st«na  (cmqucncy  3 
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CurvM  to  R  •  It' 


Fig  7.  Schematic  diagram  of  the  optical  layout  of  a 
Rowland  circle  grazing-incidence  grating  spectrograph 
viewing  the  cross  section  of  a  toroidal  plasma. 


where  the  excitation  rate  is  given  in  terms  of  the 


collision  strength 


ij’ 

8.63  X  10 


(Dj^(kTe) 


r  o 

3/2  J  ” 


^j(E)  exp(-E/kT^)dE 


(5) 


This  relation  Is  appropriate  to  allowed  transitions 
whose  upper  levels  are  populated  entirely  by  collisions 
from  the  ground  level  and  where  branching  decays  are 
known.  The  presence  of  metaatable  levels  coupled  to 
the  upper  level  can  disqualify  this  simple  coronal 
excitation  model,  in  which  case  one  has  to  fall  back  on 
a  numerical  solution  of  the  full  set  of  time  dependent 
coupled  equations  describing  tbe  level  populations. 

Volume  emlsslvities  of  strong  impurity  lines 
from  tokamaks  range  typically  from  ^  IQXO  photons 
CB'^s-^in  the  X-ray  region  to  %  10^  photons  cn*3s*X 
in  tbe  XUV  region. 

A.(l)  Grating  Dispersion 

Using  a  grazlng-lncldence  grating  spectrometer 
layout  as  Illustrated  in  figure  7  the  photon  intensity 
in  the  diffracted  lines  can  be  calculated 


a  temperature  of  'v,  400  eV  when  Fe  XVII  has  a  relatively 

high  fractional  abundance,  N(re*^®)/i:^®N(Fe***)  =  0,5  ■* 
0.6,  and  at  the  same  electron  density?  3  x  1oX3ch-3_  and 
an  iron  impurity  level  of  O.OOl  n^,  then 

fc  (15  8)  dX  =  3  X  10^^  ph  cm"®  s'^ 

Setting,  appropriate  values  for  the  symbols  in  equation 
<7)  we  derive  for  the  flux  in  the  diffracted  line 

F'(21.6  8)  = 

1.0  X  0.001  X  2.0  X  0.75  x  1.0  x  50  x  0.05  1.47  X  10^ 

4ti  X  200  X  25  0.919  x  10~® 

6  —  1 
a  1  X  10  quanta  a 

Taking  a  quantum  efficiency  of  5%,  typical  of  a 
channeltron  response  at  21  8,  the  above  flux  gives  a 
count  rate  of  5  x  lO^x.  The  count  rate  for  tbe  Fe  XVI I 
(15  8)  line  is  nearly  the  same.  Assuming  an  electron 
multiplication  of  10^,  the  charge  collection  rate  is  'V' 
O.OSiiA  for  these  soft  X-ray  lines.  High  count  rate 
channel trons  such  as  tbe  "Galileo  4818"  can  operate  in 
excess  of  lO^z  before  tbe  detection  efficiency  starts 
to  fall,  and  at  rates  up  to  10^^  without  appreciable 
loss  in  gain.  A  time  resolution  of  5bs  should  therefore 
be  attainable. 


F(ergs  cm  s  ) 


T  (X)  S  «  a,  L  C(X)  ;e(X)dX 
4  R.  r.  6 


...  (6) 


With  an  acceptance  slit  width  s 
length  I'  at  the  detector,  then 

-1.  T(X)  S  W  t  I' 
F  (quanta  s  )  =  - 


4ii  R  r  hv 


L  G  (X)/e  (X)dX 


(7) 


where  T(X) 
s(cm) 

1(CB) 

W(CB) 

L(cb) 

G(X) 

R(cb) 

r(cB) 

hv 


is  the  transmission  of  the  X  ray  path; 
is  the  entrance  slit  width; 

Is  the  entrance  slit  length; 

is  the  ruled  length  of  the  grating  illuminated 
by  X ; 

is  the  viewed  depth  of  the  plasma  volume; 
is  the  grating  reflectivity  at  X 
is  the  radius  of  curvature  of  the  grating- 
Is  tbe  slit  to  detector  distance  for  X; 


Consider  two  fairly  strong  lines  which  often  appear 
in  tokamak  spectra  viz,  OVII  ls^-ls2pXpj^,  at  21.602  8 
and  Fe  XVII  2jfi  -  2p^3d  at  15.013  8.  At  a  temperature 
of  300  eV  the  fractional  abundance  of  0”'*'  is  v  u .  1 . 

Thus  for  n  •  3  x  lO^^cg"  and  .  typical  mygsn  impurity 
level  of  l|,  E  N(0*‘')/n  «  0.01,  then  H(0  )  »  3  x 

10®cb‘®  and  /c(21.a  8)  dX  -  1.6  x  10^®  ph  cm'^s'^.  At 


Using  the  optical  layout  as  in  figure  7  one  might 
then  expect  count  rates  of  up  to  lO^z  for  most  of  the 
intense  lines  in  the  grazing  incidence  region.  The  depth 
of  tbe  plasma  which  contribute  to  the  line  intensity  is 
taken  to  be  0.5n,  a  reasonable  value  for  the  dimensions 
of  the  sub-keV  tempersture  region  in  s  JET-sized 
tokamak.  In  a  smaller  device  such  as  the  DITE  tokamak 
tbe  line  count  rate  is  less  but  is  still  a  very  useful 
value,  as  illustrated  in  figure  8  by  the  time  variation 
of  the  CV  ls*-ls2p^Pj  transition  st  40.27  8. 

A  problem  with  photoelectric  readout  of  the  spectra, 
which  is  particularly  severe  for  shallow  grazing  angles 
of  the  incident  light  and  short  wavelengths,  X  <  100  8, 
is  the  competition  from  background  light.  Even  for 
relatively  intense  lines,  as  Illustrated  in  figure  9 
by  the  spectral  scan  through  the  Ly-a  OVIII  line  at 
16  8,  the  peak  intensity  to  background  can  be  as  low  as 
3/1.  Ideally  each  line  should  have  two  measuring  channels, 
one  which  monitors  the  peak  line  intensity  and  the  other 
the  adjacent  background  light.  On  the  other  hand,  use 
of  a  multi-channel  detection  system  such  as  a  micro- 
channel  plate  (MCP)  or  better  still,  a  photographic 
emulsion,  see  eg  figure  6,  ensures  a  contrast  of  at 
least  20/1,  The  source  of  this  background  light  has  not 
been  properly  researched  but  is  probably  due  to  scattered 
soft  X-rays  or  longer  wavelengths  scattered  from  the 
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Fig  8.  Time  variation  of  CV  Is  -l82p.^p  40.27  S 

eaisslon  from  the  DITE  tokaaak,  measured^wlth  a  grazing- 
incidence  spectroeeter.  Note  the  increased  level  during 
the  neutral .injection  pulse  and  negligible  background 
detector  signal  with  the  aechanlcal  shutter  closed. 


Fig  9.  Wavelength  scans,  on  successive  dlschargwof 
the  DITE  tokaaak,  through  the  Ly-a  OVIII  eaiaslon.  The 
'long  getter*  pulsed  conditions  reduce  the  oxygen 
concentration  and  the  eBission  Iron  this  ion  falls  to 
alaoet  the  background  light  level. 


grating,  perhaps  also  fluorescence  of  the  grating  to 
harder  X-rays.  Channeltrons  are  a  poor  choice  of  detector 
in  the  res|>ect  that  they  are  sensitive  to  a  wide  range 
of  wavelengths  with  a  peak  sensitivity  in  tb^  XDV  spectral 
region.  The  use  of  filters  [33]  and  low  scatter,  holo¬ 
graphically  ruled  gratings  help  to  Increase  the  line 
intensity/background  ratio  but  it  is  very  difficult  to 
realise  the  saae  contrast  over  a  broad  spectral  band  as 
is  routinely  achieved  with  photographic  aaulslon.  Our 
calculations  indicate,  aoreover,  that  to  achieve  a  density 
of  0.5  above  fog  on,  say,  Kodak  Paths  SC-5  fila  with  the 
photon  flux  estlaated  (above)  for  OVII  at  21.6  i  (using 
a  2  aetre  radius  grating  ruled  with  1200  l/aa  at  a  2° 
grazing  angle)  an  exposure  tlae  of  250aa  is  required. 

For  very  long-lasting  plasass  such  as  anticipated  in  the 
JET  tokaaak  ('v  10s)  the  use  of  a  grazing-incidence 
spectroaeter  with  photographic  eaulaion  recording  and 
with  a  caaera  shutter  to  control  the  exposure  tlae  is 
not  an  unappealing  proposition. 

A(il)  Crystal  Dispersion 

At  wavelengths  shorter  than  about  25  X,  crystal 
dispersion  becoaes  an  alternative  to  the  use  of  grazing 
incidence  diffraction  gratings.  Crystals  are  highly 
effective  aonochronators  rather  than  true  broad  band 
spectroaeters ,  so  that  surveying  a  region  of  the 
spectrUB  conventionally  Involves  scanning  the  crystal 
through  a  range  of  Bragg  angles,  either  stepping  the 
angle  in  a  series  of  discrete  notions  or  by  continuous 
crystal  rotation.  If  a  flat  crystal  is  used,  reasonable 
spectral  resolution  can  be  aaintained  by  restricting  the 
angular  divergence  of  the  incident  light  at  the  crystal 
with  a  Seller  slit.  Indeed,  the  first  crystal  survey  of 
a  plasaa  in  the  soft  X-ray  region  (X  <  22  X)  was  achieved 
with  Just  such  a  flat  crystal  and  Soller  slit  arrange- 
aent  [34].  An  alternative  arrangeaent  is  to  accept  a 
range  of  Bragg  angles  slnultaneously  by  the  crystal 
convex  in  the  "de  Broglie"  configuration,  figure  12. 

A  large  Increase  in  light  throughput  with  higher 
resolution  can  be  achieved  if  the  crystal  is  bent,  in 
the  "Johann"  node,  concave  to  the  dlaaeter  of  a  Rowland 
circle  onto  which  is  positioned  the  effective  entrance 
aperture,  the  dispersion  sleaent  and  the  detector. 

Better  efficiency  still  can  be  achieved  if  the  Rowland 
circle  arrangeaent  is  retained  but  with  the  front  face 
of  the  crystal  ground  to  the  Rowland  circle  radius  as  in 
the  fully-focusing  "Johansson"  node.  The  relative  aerits 
of  these  convex  and  concave  configurations  for  tokaaak 
(JET)  studies  are  discussed  by  Hobby  et  al  [35] . 

The  scheaatic  optical  layout  of  a  focusing  crystal 
spectroaeter  attached  to  a  toroidal  plasaa  device  is 
shown  in  figure  10  with  the  Rowland  circle  parallel  to 
the  toroidal  axis.  The  wavelength  coverage  le  the  range 
of  Bragg  angles  is  clearly  dependent  on  the  entrance 
aperture  to  the  torus  and  on  the  dlaaeter  of  the  Rowland 
circle.  Our  proposal  [35]  for  the  JET  tokaaak  studies 
favours  a  relatively  saall  Rowland  circle  dlaaeter  R  - 
75  ca  and  a  coapact  vacuua  systea.  The  crystal  width  W 

can  then  bo  kept  reasonably  saall  <  5cb, while  the 
sensitivity  is  not  effected  since  this  depends  on  W/R. 
Defocus Ing  aberrations  on  the  other  hand  scale  as 
(W/R)^  end  (h/R)^  where  h  is  the  crystal  dlaenslon 
orthogonal  to  the  plane  of  the  dispersion  but  these 
will  lesd  to  only  s  aarginal  loss  in  resolution  [35]. 

One  consequence  of  the  relatively  tight  focusing 
circle  is  the  requireaent  for  a  high  spatial  resol¬ 
ution  dstectlon  systea.  MicroChannel  plates  provide 
sdequste  resolution  Cv  o.03Sbb)  for  this  purpose  and 
we  tolerate  their  rather  poor  efficiency  6%  -*■  30% 
over  the  range  10  X  100  X  in  the  soft  X-ray  region. 

In  order  to  cover  the  iaportant  line  groups  froa  the 
ion  species  likely  to  be  present  in  a  tokaaak,  a  stack 
of  six  different  crystals  is  proposed  [35]  viewing 
the  plasaa  over  a  range  of  Bragg  angles  froa  48°  to 
58  X  .  A  high  aean  viewing  angle  'v  53°  is  preferred 
for  low  optical  aberration,  high  resolution  and  near 
noraal-incldencs  on  the  detectors.  The  aierochannel 
plates  have  a  30°  bias  of  the  channels  to  the  noraal 
as  indicated  in  figure  11  in  order  that  the  diffracted 
light  strikes  the  channels  at  an  optlaua  angle  'v  7° 
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tor  BkxlBUB  ■•nsltlvlty. 

The  resolving  power  of  the  crystal  Instriwent  Is 


where  {6  Is  a  convolution  of  <6  ♦  S8  +  66  . 

66  is  the  FWHM  of  the  crystal  *dlftractioa" 
pattern,  66^^  is  the  focusing  aberration,  66  is  the 
loss  in  resolution  due  to  the  finite  eleaents  of  the 
detector. 

For  the  spectroaeter  characteristics  outlined  above 
we  night  expect  a  resolving  power  of  between  10^  sad 
2  X  10^  for  dispersion  of  2  A  light  fron  a  good  quality 
quartz  crystal  [3S].  Since  in  the  soft  X-ray  region  we 
are  Interested  in  rather  longer  wavelengths,  then  nice 
could  be  used  to  diffract  IS  A  radiation  at  a  Bragg  angle 
of  48.9°  (le  within  the  angular  viewing  range  of  the 
instrunent) .  The  crystal  diffraction  width  for  IS  i  light 
in  first  order  fron  a  nica  crystal  la  likely  to  be  100 
arc  sec  and  this  is  at  least  an  order  of  nagnltude  wider 
than  diffraction  widths  for  good  quality  crystals  in  the 
X-ray  region  proper.  The  resolution  therefore  at  these 
longer  wavelengths  la  proportionately  reduced. 

As  for  the  Rowland  circle  grating  Instrunent,  we 
can  calculate  the  sensitivity  relation  for  the  Johansson 
configuration,  viz. 


r width  W,  height  h. 

I  picnes  curwd  to  R, 

I  focc  curved  to  r  , 
spacing  of  plofies  -  2d 


«  h  L  R(e  ) 
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Fig  10.  Schenatlc  dlagran  of  the  optical  principle 
of  the  Johansson  focusing  crystal  spectroneter . 


where  the  aynbols  are  as  aquation  (6) ,  except  that  R(6  ) 
la  now  the  Integrated  reflectivity  of  the  crystal.  ° 
For  a  detector  length  I'  and  width  ibe  flux 

in  the  diffracted  line  is 


P'  =  T(X) 


W  h  L  R(e  )  1'  /£(X)dX, 


(quanta  s 


30  bios  of 
channels 


Rowland  circle 


Again,  considering  as  before  the  Fe  XVII  line  at  15,013  A  i 

fron  a  plasaa  with  the  sane  parsnateca  and  the  sane  \,v^8S5-53' 

volune  enisslvity  /e(X)  dx  =  3  x  10*  ph  cn“°a”*;  but  y'  ^ 

now  assuBlng  nica  crystal  dispersion  with  R(6c)  =  ,  y  \  \ 

and  a  detector  length  of  lea,  we  have,  /  \  \ 

p-  <15  X)  =  L-O. ■»  1-0  »  50  »  1  »  10~°  a  1-0  x  3  x  10*^  /  X  \  Microchannelplale 

4Trx75  /  vNcTl 

7^-1  L  / 

=  6.4  X  10  quanta  s  I  14  / 

For  a  detector  efficiency  of  4%  this  represents  for  the  V  _ 

15  X  line  a  count  rate  of  2.6  x  10®  Hz  ('u  1  x  10®  electrons  \ 

cn"2s"*  at  the  detector  surface)  .  Such  an  instrunent  \  >^§7''\y^0*'bias  of 

should  provide  tine-resolved  Inpurlty  spectra  fron  a  Jet-  N.  yj  j  '\channcls 

size  plasns  on  the  tine  scale  of  a  few  nsecs.  \ 

A  cascaded  channel-piste  assenbly  with  delay-line  read-out  Rowland  circle  - - ^ 

satisfies  nost  of  the  detector  requlrenents  giving  adequate 
spatial  resolution  and  quantun  efficiency,  though  probably 
the  dynanlc  range  is  Insufficient  to  record  the  strong  lines 

synchronously  with  the  very  weak  lines.  . 

Fig  11.  Tangential  setting  of  special  30  bias  nicro- 

The  use  of  nuch  Isrger  radius  focusing  crystal  channel  plate  for  optinun  efficiency  (glancing  angle  7  ). 

instrunenta,  for  exanple  the  3.3n  Johan  configuration 
with  Bultl-wire  proportional  counter  read-out  used  at 
Princeton  University,  has  already  proved  very  affective 
for  line  profile  studies  of  toksnak  plasnas  [36].  Other 

Intemediate-slze  configurations,  such  as  the  l.Sn  read-out,  and  with  a  curved  KAP  crystal  wavelength 

Johann  spectroneter  at  Fontenay  aux  Roses  [37],  with  the  coverage  fron  1  'v<  23  X  can  be  expected.  The  relatively 

quartz  crystal  held  against  the  cylindrical  fomer  by  low  efficiency  of  this  configuration  nasns  that  only 

atnospherlc  pressure  snd  with  linear,  position-  nodest  tine-resolution  is  achieved.  The  dispersion 

sensitive  proportional  counter  read-out,  have  also  been  relation  for  the  do  Broglie  configuration  is 
developed.  The  tighter  Rowland  circle  proposed  here  [35] 

suffers  in  no  inportsnt  respect  such  as  light  through-  _  2dcos6 _  ...(l: 

put,  resolution  etc,  while  its  conpset  size  allows  it  ***  [  r  sine  (.  (  r  cose 

to  be  tilted  so  ss  to  spatially  scan  the  plasns  volune,  ®|  ® - g —  \  R  J  )  ^ 

For  soft  X-ray  spectral  survsy  purposes  a  very 

slnple  crystal  spectronetsr  can  be  based  on  the  de  Broglie  where  r  is  the  crystal  curvature  and  R  is  the  radius  of 

convexly  curved  configuration,  figure  12,  This  spectro-  the  detector  circle  around  which  the  wavelength  variation 

netor  can  be  used  with  photographic  or  photoelectric  la  alnost  linear  with  distance. 


read-out,  and  with  a  curved  KAP  crystal  wavelength 
coverage  fron  1  -t-  'v<  23  X  can  be  expected.  The  relatively 
low  efficiency  of  this  configuration  neons  that  only 
nodest  tine-resolution  is  achieved.  The  dispersion 
relation  for  the  ds  Broglie  configuration  is 


.  i-4=5  (,  .  (  JL 


)ri 
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The  count  rate  per  eoiission  line  dispersed  by  the 
de  Broglie  crystal  viewing  an  extended  source  through  a 
narrow  slit  is  given  by 

T  (X)  r  8in6  H<e)8bLll''/£  (A)  dA  (quanta  a  ^ 

f'  =  - £ - 

4  ff  1  <1  +  t)  hv  . (13) 

where  the  synbols  have  the  sane  neaning  as  before  except, 
6  is  the  Bragg  angle  for  wavelength  A; 
r  (cn)  is  the  curvature  of  the  crystal; 
i  (cm)  is  the  distance  of  the  slit  to  the  crystal; 
t  (ca)  is  the  distance  from  the  slit  to  the  detector; 
s  (cm)  is  the  slit  width  and  b  (cm)  is  the  slit  length; 

Again,  assuming  a  de  Broglie  spectrometer  with  a 
mica  crystal,  5  cm  high,  viewing  a  50  cm  depth  of  a 
tokamak  plasma  which  emits  3  x  10^^  photon  cm"^  of  IS  % 
Fe  XVII  light  then  inserting  appropriate  numerical 
values  for  the  symbols  respectively  in  equation  (11), 


1.0  X  5.0  sin  49 


X  10~^  X  0,05  x5x50xl.0x3x  10^^ 
4  TT  X  50  X  60 


=  3.6  X  10  quanta/s 

which,  with  a  4%  photo-detection  efficiency,  gives  a 
count  rate  of  1.5  x  10^  Hz.  With  a  global  count  rate  [3S] 
for  the  channel tron  read  out  system  of  ^lO^z,  several 
tens  of  lines  can  be  recorded  with  about  1%  statistical 
variation  and  a  fraction  of  a  second  exposure.  Even  with 
photographic  film  a  density  of  0.5  above  fog  would  be 
acieved  with  an  exposure  line  ^  10  sec  (ie  the  full 
pulse  length  of  the  JET  tokamak) . 

An  alternative  broad-band  crystal  configuration 
makes  use  of  a  plane  flat  crystal  which  is  rotated 
through  the  required  range  of  Bragg  angles.  Collimatlon 
of  the  input  light  with  grided  apertures  is  necessary. 

In  this  case  the  detector  can  be  a  simple  light  'bucket* 
and  the  spectrum  is  dispersed  as  a  function  of  time.  A 
5  X  5  cm  crystal  with  a  rotational  speed  of  100  Hz  and 
an  acceptance  angle  of  100  arc  sec  set  by  the  crystal 
rocking  curve  and  the  entrance  collimator  would  give  a 
total  count  rate  per  line  of  the  same  order  as  the 
static,  de  Broglie  instrument.  Comparing  the  merits  of 
these  two  modes,  the  rotating  and  static  crystals,  there 
is  a  direct  trade  off  between  band-width  and  time  reso¬ 
lution^  the  spectral  resolution  remaining  almost  constant. 
More  sensibly  therefore  the  light  throughput  should  be 
increased  at  the  expense  of  band-width  by  slowing  the 
rotation  to  'v  i  Hz.  These  flat  crystal  configurations 
are  used  with  considerable  success  in  stellar  X-ray 
studies  eg  [38] . 
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A(lii)  Crystal  Versus  Grating  Dispersion 
At  Soft  X-Ray  Wavelengths 

For  wavelengths  in  excess  of  25  X,  grating 
dispersion  Instruments  have  exclusively  been  used  for 
broad  band  spectroscopy  of  fusion  plasmas.  At  the 
short  wavelength  end  of  the  soft  X-ray  region  crystal 
instruments  on  the  other  hand  have  clear  advantages  in 
terms  of  light  throughput  and  wavelength  resolution.  It 
is  of  interest  to  consider  these  parameters  in  the 
limited  wavelength  region  10  X  'u  25  X  where  the 
advantage  of  one  dispersion  system  over  another  is 
somewhat  contentious.  An  appreciation  of  the  problem 
can  be  gained  by  considering  the  resolving  power  and 
light  throughput  of  the  focusing  crystal  and  grating 
instruments  cited  for  15  X  light  in  sections  IlI.A.(i) 
and  (ii) . 

We  note  in  A.(i)  that  a  10  um  slit  width  and  a 
grating  aperture  of  2cm  has  been  assumed  in  order  to 
achieve  a  line  flux  1  x  10^  quanta  s~^at  15  X  .  The 
resolution  of  the  spectrometer  is  in  this  case  deter¬ 
mined  largely  by  the  slit  width  but  also  by  the  grating 
aperture  and  ruling  frequency.  At  15  X  a  10  pm  slit 
presents  no  diffraction  problems.  The  resolving  power 
due  to  the  finite  slit  width  is, 

^  0.09  R(b)  o  d  (u) 

- -  ...(13) 

where  the  syabols  are  as  before,  but  with  units  in 
parentheses,  n  is  the  order  nuaber  and  d~^  is  the 
grating  ruling  frequency.  With  a  2-Betre  radius  of 
curvature  and  d'^  =(2,400/aa>''^  then  the  slit  width 
Halted  resolving  power  is  given  by 

R  ,  =  i-Ai  ,  =  654 

si  Aa  si 

The  resolving  power  set  by  the  grating  aperture  at 
grazing  incidence  is  given  by  R(opt)  =  0.92  n  x  W(opt) 

d 

where  the  optiaua  aperture  [39]  is  1.2  ca  for  the 
above  grating  used  at  a  2°  grazing  angle. 

The  finite  thickness  of  the  eaulsion  also  causes 
some  loss  in  resolution.  The  overall  resolving  power 
however  is  largely  deteralned  by  equation  (13)  and 
can  be  taken  as  <  1000.  On  the  other  hand  we  have 
seen,  equation  (8),  that  the  resolving  power  of  a 
Johann  crystal  spectroaeter  is  largely  dependent  on 
the  angular  divergence  66  at  the  crystal  which  will 
support  aonochroaatic  Bragg  reflection.  For  diffraction 
of  IS  A  light  froB  s  Bica  crystal  at  a  aean  Bragg 
angle  of  49  ,  59  'v  100  arc  sec,  giving  a  resolving 
power 
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Optical  layout  of  da  Broglla  crystal  spactro- 


and  account  for  resolutions,  6A^  and  6A,,  due  to  the 
finite  aperture  length  W  and  finite  height  h  of  the 
crystal.  The  overall  resolving  power  =  R(8  )  of  the 
Johann  Instruaent  is  about  a  factor  of  S.s'Setter  than 
the  grating  instruaent  at  IS  X  and  has,  aoreover,  a 
light  throughput  (see  III.Ad),  (ll),  which  is  greater 
hy  a  factor  of  't  60.  These  advantages  of  focusing 
crystals  becaao  wore  pronounced  at  shorter  wavelengths 
provided  that  one  chooses  an  appropriate  crytal  to 
preserve  an  alaost  constant  Bragg  angle.  The  indications 
sre  thst  the  'cross-over'  wavelength  at  which  focusing 
crystals  and  gratings  have  coaparatle  perforaance  Is 
between  20  X  25  A.  In  respect  of  total  band-width, 
of  course,  a  grating  spectroaeter  used  at  ahallow  angle 
of  Incidence,  .y,  1®,  will  easily  outperfora  a  focusing 
crystal  spectroaeter. 
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B.  Laaar-producad  pluau. 


Despite  the  alnute  plasaa  dlaenslons,  <  100  vm, 
end  the  short  duration,  <  1  ns,  of  the  1  keV  plasaas 
produced  by  Intense  laser  Irradiation  of  solid  targets, 
the  X-ray  ealsslon  Is  sufficiently  copious,  typically  a 
few  percent  or  aore  of  the  Incident  laser  beaa  power, 
that  even  the  relatively  Inefficient  grating  and  crystal 
dispersion  Instruaents  can  be  used  [40],  A  consequence 
of  the  need  for  alcron-slse  space  resolution,  la  that 
X-ray  alcroscopy  In  one  fora  or  another  la  essential.  A 
tine  resolution  of  'V'  lOps  laplles  that  fast  electronic 
gating,  or  high-frequency  response  detectors  capable 
of  handling  'plleup'  pulses.  Is  necessary. 

B.(l)  Grating  Spectroscopy 

Grating  spectroaeters  with  a  silt  aperture  ortho¬ 
gonal  to  the  entrance  silt  and  placed  between  It  and 
the  grating  can  provide  sufficient  spatial  and  spectral 
resolution  to  diagnose  the  critical  surface  and  ablated 
plasna  regions  of  the  Irradiation  target  [30].  In  order 
to  collect  adequate  light  flux  however,  the  plasaa 
source  Is  placed  typically  a  few  ■■  from  the  entrance 
silt  of  the  spectroneter.  However,  the  use  of  aspheric 
reflection  optics  to  relay  the  X-rays  to  the  grating 
allows  the  spectrometer  to  be  placed  remote  from  the 
plasma.  In  the  Rutherford  laboratory  laser  programme, 
for  example,  torlc  surfaces  with  principle  radii  of  Sm 
and  26mm  are  used  both  for  the  relay  optics  and  for  the 
grating  substrate  [41],  Spatial  resolution  of  the  object 
of  lOwm  and  a  spectral  resolution  of  30  mX  at  X  =  40  A 
have  been  achelved  with  a  torlc  substrate  carrying  holo¬ 
graphically  formed  'rulings'  at  a  frequency  of  1200  l/mm. 
The  formation  of  a  stlgmatlc  Image,  of  course,  occurs 
only  over  a  limited  spectral  bandwidth.  Photographic 
recording  Is  commonly  used  with  these  grating  spectro¬ 
meters  because  there  Is  little  loss  In  resolution  due  to 
the  emulsion  thickness.  Also  It  Is  often  possible  to 
map  out  a  crude  time  history  of  the  plasma  expansion 
using  the  close  correlation  between  the  location  of 
emitting  Ions  and  time. 

B.(ll)  Crystal  Spectroscopy. 

Focusing  crystsls,  as  In  the  Johann  configuration, 
give  little  advantage  over  a  flat  crystal  when  viewing 
laser-produced  plasaa  since  the  tight  radius  of  curva¬ 
ture,  t  1  cm,  required  for  llgfit  collection  would  Induce 
unacceptable  diffracted  Image  aberrations.  Hlnlature 
flat  crystal  spectroaeters  sre  most  frequently  used  the 
spectral  resolution  being  set  by  the  crystal  rocking 
curve  and/or  the  finite  size  of  the  source.  Fortunately, 
some  diagnostic  observables,  such  ss  Stsrk  line  widths 
of  hydrogenlc  transitions,  csa  be  so  large  that  the 
ultimate  In  spectral  resolution  Is  not  required.  In 
these  crystal  spectrometers  a  silt  aperture,  placed 
between  the  source  and  the  film,  figure  13,  allows  the 
plasna  to  be  space-resolved  with  s  resolution,  typically 
3  ■*  20yn.  The  Image  of  the  outer  shell  well  In  micro- 
balloon  Irradiation  experiments  Is  clearly  separated 
from  the  X-rays  emission  from  the  compressed  core  plasma. 

Temporal  resolution  of  tbe  X-rays  Is  effected  by 
projecting  the  spectrum  onto  the  photocathode  of  gated 
laage-lntenslfler  as  Illustrated  In  figure  14.  A  time 
resolution  70  ps  and  a  spectral  resolution  (X/AX)  O' 

500  are  typical  of  this  type  of  apparatus  [43].  For  X- 
rays  In  the  energy  range  hv  'V'  1  10  keV,  tbe  photo¬ 

cathodes  are  typically  at  200  i  thick  coating  of  Au  on 
a  Be  substrate. A  spongey  coating  of  Csl  of  thickness 
20  200  pa,  depending  on  tbe  X-ray  energy,  can  Increase 

tbe  overall  sensitivity  of  the  camera  by  a  factor  of 
20,  the  Image  being  recorded  either  on  film  or  digitally 
via  a  charge  coupled  device  (CCD) .  Since  one  dimension 
of  the  Image  plane  Is  reservsd  for  tbe  time  sweep  only  a 
thin  slice  of  the  geometrical  Image  of  tbe  plasma  Is 
displayed. 


Fig  13.  Flat  crystal  dispersion  arrangement  for  space- 
resolution  of  the  X-ray  spectrum  fr<»  laser-lrradlated 
solid  target. 


Fig  14.  Schematic  diagram  of  apparatus  for  X-ray 
streak  spectroscopy  of  laser-produced  plasma. 


B.(lll)  Soft  X-ray  Imaging  Systems 

In  order  to  appreciate  tbe  extent  to  which  X-ray 
alcroscopy  of  the  alnute  plasaa  volumes  produced  In 
laser  compression  experiments  has  developed  over  the 
Xast  few  years  one  has  only  to  refer  to  the  Lawrence 
Livermore  annual  reports  [43].  Reflection  microscopy 
has  the  advsntage  of  good  spatial  resolution  1  pm 
and  relatively  long  objective  distances  which  allows  the 
Image-forming  components  to  remain  undamaged  during 
the  micro-explosion  of  the  target.  A  complementary 
technique  developed  by  Cegllo  and  Co-workers  [s  ][44] 
[45]  Is  that  of  coded-aperture  Imaging  which  gives  the 
capability  for  3-D  analysis  on  reconstruction  of  the 
lm«6«-  The  coded  apertures  are  typically  free-standing 
micro  Fresnel  zone  plates  5  yn  -»  XSpm  thick  with  sone 
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Fig  IS.  GHL-SM  grazing  Incidence  spectrograph  [si] 
showing  entrance  slit,  grating  and  photographic 
cassette  nodules  located  on  reference  bean. 


nunbers  100  ^  N  ^  250 ,  the  width  of  the  outermost  zone 
being  Ar  ~  a  few  nlcrona;  this  being  the  sane  order  as 
the  planar  resolution.  Tonographic  (in  depth)  resolution 
of  a  few  lO's  of  microns  can  be  achieved.  Thin  trans¬ 
mission  filters  are  employed,  as  in  tokanak  X-ray 
tonography  [2S],  to  differentiate  between  different 
regions  of  the  spectrum  -  otherwise  the  apparatus 
developed  for  X-ray  Imaging  of  these  two  laboratory 
sources,  tokamaks  and  laser-lrradlated  nlcroballoons , 
could  hardly  be  In  more  dramatic  contrast. 

IV.  SOFT  X-RAV  SPECTROSCOPY  AT  THE 
CULHAH  LABORATORY 

Among  the  grazing  Incidence  diffraction  grating 
spectrometers  at  the  Culbam  laboratory  are  a  few  which 
have  seen  continuous  use  since  their  design  and  con¬ 
struction  some  two  decades  ago.  These  Include  the  ESSO, 
2-netre  Instrument  [46]  which  can  bo  supplied, by  Rank  Hilger 
Ltd  (UK),  with  photographic  recording  as  In  figure  4,  or 
with  a  single-channel  scan  unit  for  photo-electric  read 
out,  figure  8.  An  earlier  version  of  the  present  Mark  III 

1- metre  spectrometer,  with  each  of  two  scanning  silts  and 
associated  photo-electric  deflectors  capable  of  being 
driven  round  the  Rowland  circle,  was  first  used  on  the 
Zeta  fusion  device  [47  ].  This  Illustrates  the  durability 
of  the  basic  Rowland  circle  geometry  for  grazing-incidence 
grating  spectroscopy, 

A  'state  of  the  art'  development  of  these  astigmatic 
Instruments  Is  the  GLH-S  spectrograph  (manufactured  by 
Grating  Instruments  Ltd  -  UK)  In  which  the  slit,  grating 
and  detector  nodules  are,  within  machining  tolerance, 
located  on  the  Rowland  circle  by  virtue  of  their  location 
on  a  one  metre  long  segment  of  a  reference  circle  [48], 

This  arrangement,  gives  flexibility  in  the  disposition 
of  the  nodules,  as  night  be  required,  for  example.  In 
altering  the  angle  of  Incidence,  without  degrading  the 
preset  focus.  The  basic  Instrunent  with  photographic 
detector  module  Is  shown  In  figure  15  while  a  schematic 
diagram  of  the  spectrograph  In  Its  vacuum  tank,  as  It 
would  be  used  to  spatially  scan  a  tokanak  plasma,  is  . 
shown  In  figure  16.  Test  spectra  with  a  grazing  angle 
of  1.65  ,  a  holographically  tomed  600  1/nn  grating, 
and  a  1  bn  entrance  slit  Indicate  a  resolution  of  < 

0.05  eV  at  hv  ~  150  eV  and  <  leV  at  hv  ^  1.2  keV.  A 

2- channel  scanning  slit  unit,  figure  17,  has  been 
designed  and  fabricated  [4B]  as  an  alternative  photo- 
detection  nodule  to  the  photographic  cassette.  The  silt 
assmblles  are  synnetrlcal  about  a  meridian  dividing 
plane  through  the  mid-point  of  the  entrance  silt  and 
the  pole  of  the  grating,  and  they  measure  equal  halves 
of  the  astlgnatlcaly  lengthened  spectral  lines.  Each 
slit  Is  Independently  driven  around  the  Rowland  circle. 

This  arrangenent  is  Ideal  for  line/background  Intensity 
neasurenents  and  fo^^the  neasurement  of  line  Intensity 
ratios  eg  to  Ly-a(0  )/Hg  (0^'*')  which  are  separated 

by  80  A  or  for  the  Interconblnatlon/sllowed  lines  of 
0”'^  where  the  separation  at  21.6  X  is  only  0.2  X, 


Fig  16.  Optical  layout  of  GUL-5M  grating  spectrograph 
within  vacuum  bousing.  The  whole  assenbly  tilts  to 
spatially  scan  the  cross-section  of  a  tokanak  plasma. 


Fig  17.  Two  channel  photo-electric  detector  nodule  for 
GHL-5M  spectrometer  (fig  15),  Both  slit  units  are 
driven  Independently  and  can  be  positioned  to  record 
equal  lengths  of  the  sane  dispersed  line  or  of  different 
lines  within  the  wavelength  range  of  the  Instrunent, 
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Position  read  out  of  tbe  slit  aodules  via  a  abaft 
encoder  (coarse  control)  and  three  Holre  graticule 
tracks  (for  fine  control)  gives  an  ultlaato  positional 
accuracy  of  better  than  15  pn.  At  tbe  tine  of  writing 
tbe  photoelectric  scan  unit,  which  will  use  channaltron 
detectors,  baa  not  been  actively  tested  on  a  plasna.  A 
conparably  high  resolution  Inatrunent  with  photographic 
enulslon  and  2-channol  photoelectric  read  out  has  boon 
developed  and  used  by  Schwob  [SO], 

We  should  not  end  our  discussion  on  soft  X-ray 
grating  spectroneters  without  acknowledging  tho 
Inportant  developnents  In  the  technology  of  high 
efficiency  lanlnar  gratings  and  low  light  acattor 
bolographlcaly  formed  gratings  [si].  for  fusion 
studies  we  should  like.  Ideally,  to  have  true  multi¬ 
channel  spectral  read-out.  Tho  use  of  torlc  substrates 
and  bolographlcaly  formed  rulings  can  produce  a  nearly 
flat  focal  plane  (at  a  preferred  wavelength)  and  such 
an  Instrument,  which  might  use  a  multi-element  micro 
channel  plate  road-out  system,  has  Indeed  been  manu¬ 
factured  by  Jobln-Yvon.  A  suite  of  gratings  would  be 
necessary  for  extended  wavelength  coverage;  but  It  la 
not  certain  what  the  shortest  wavelength  limit  of  such 
an  instrument  might  be.  Such  an  instrument  however, 
might  well  set  tho  pattern  for  future  grazing-incidence 
spectromoters . 

We  have  mentioned  the  need  In  the  spectroscopy  of 
fusion  plasmas  for  the  calibration  of  the  absolute 
Incident  photon  flux  against  detector  response.  The 
absolute  response  of  an  Instrument  at  characteristic 
Kg  wavelengths  can  be  measured  with  a  gas  flow 
proportional  counter  and  an  X-ray  diode  source  with 
Interchangeable  anodes  (52] ;  or  from  separate  meaaure- 
nenta  of  the  diffraction  grating  efficiency  and  the 
detector  response  (53].  More  conveniently  In  fusion 
experiments,  the  plasma  Itself  often  provides  pairs  of 
emission  lines  originating  from  a  common  upper  level. 


If  the  emisaivlty  of  the  plasma  can  be  absolutely 
calibrated  for  one  of  the  pair  of  lines,  (this  is 
generally  feasible  for  the  longer  wavelength  If  It  lies 
In  the  visible  or  VUV  region,  using  a  separate  spwstro- 
meter  of  know  light  throughput)  then  the  amlsslvlty  of 
tbe  other  line  of  tho  pair  can  bo  calculated. 
branching  ratio  technique  Is  commonly  used  [54]  [55]. 
The  use  of  MgF  -  windowed  deuterium  Ismps  ss  resdlatlon 
transfer  standards  between  1150  A  [56]  have  proved 
particularly  useful  In  the  calibration  of  VUV  spectro¬ 
meters  at  the  (hilbam  laboratory.  Branching  ratio 
line  pairs,  belonging  to  Ho-  and  Ll-llke  lone  of  light 
•lements,  which  commonly  appear  In  fusion  devices  and 
which  the  author  baa  found  particularly  useful ,  are 
OVI,  150  li/3811  X;  OVII  ai.8  X/1638.4  X  and  CV  40.73  X/ 
2277.3  X.  Extension  of  the  branching  ratio  pairs  to 
shorter  wavelength  <  20  X  Is  possible  using  the  Iso- 
ai r.  transitions  in  fluorine  and  neon. 


C.  Crystal  Spectrometers 

Following  our  argument  (section  III  A. (ID)  for  a 
compact,  spatially  scanning  crystal  spectrometer  the 
focusing  Johann  instrument  illustrated  In  figure  18 
has  been  designed  and  constructed.  The  four-pillar 
bending  jig,  see  Insert  figure  18,  holds  an  8cm  x  2cm 
crystal  bent  to  a  radius  of  curvature  of  50ca.  The 
spectrometer  Is  designed  to  observe  X-radistlon  in  the 
range  0.5  to  25  X  from  hlghly-lonlsed  metals  such  as  Ti 
Fe  Mo  and  also  from  OVIll  and  OVII,  these  latter  Ions 
often  being  the  most  abundant  ion  species  la  tokamaks. 
The  mean  Bragg  angle  Is  altered  by  pivoting  the  Howland 
circle  about  an  axis  through  the  crystal  and  orthogonal 
to  the  plane  of  dispersion.  In  order  to  view  different 
chords  through  the  plasna  tbe  whole  vacuum  assembly  can 
be  tilted. 


Fig  18.  Optical  layout  of  0.5  a  curved  crystal  spectro¬ 
meter,  using  Johann  mounting.  The  system  Is  designed  to 
observe  dispersed  radiation  In  the  range  1  X  25  X  and 
can  be  plasma  tilted  to  spatially  scan  a  tokaaak 
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Fig  19.  Schraatlc  diagraa  ot  alcrochannel  plate  delay 
line  readout  aaseably. 


C>->  OEiC?^  C  O  •  C 


Fig  20.  Reflolutlon  test  of  ■Icrochatmel  plate-delay 
line  read  out  aystea  shown  In  figure  19.  The  8^  ot 
lines  fron  a  Cn-anode  X-ray  tube  is  dispersed  in  ^ 
5th  order  by  alca  AX(a  -a  )  =  0.004  X, 


Alternative  spectral  read  out  systeas  are  provided. 
In  place  of  the  photographic  cassette »  a  aultichannel 
electron  multiplier  plate  (MCP)  with  a  delay  line  read¬ 
out  can  be  substitutedy  figure  19.  Two  cascaded  aicro- 
channel  plates  provide  a  gain  of  up  to  10^  and  operate 
the  delay  line  froa  a  single  photo-electron  generated 
at  the  fron  face  of  the  MCP.  A  cloud  of  at  least  10^ 
electrons  fron  the  MCP  is  necessary  to  activate  a  signal 
fron  the  delay  linOy  the  MCP  and  the  delay  line  being 
connected  electrically  by  a  wand  of  conducting  tracks. 

The  wandy  which  is  a  printed  circuit  board, linearly 
expands  the  detector  element  frequency  froa  4/an  at  the 
MCP  to  4/ca  at  the  delay  line,  the  total  number  of 
resolving  eleaent  in  the  latter  being  1024.  Tests 
indicate  that  the  liaitations  to  the  MCP  current  density 
10^  Hz  per  X-ray  line  and  that  the  overall  spatial 
resolution  in  the  focal  plane  is  'v  35mb  [3S].  In  plasaa 
experiaents  the  plasaa  bandwidth  recorded  and  the 
exposure  tiae  will  be  adjusted  to  the  aaxiaua  count  rate 
set  by  the  electronics  and  to  the  access  to  a  storage 
aeaory.  Figure  20  shows  a  test  spectrum  of  the  X 

“l“2 

lines  froB  Cu,  dispersed  In  Sth  order  by  s  ales  crystal. 
The  separation  between  the  and  lines  Is  0.004  X. 

For  the  alcron-slze,  transient  high  density  plasaas, 
the  above  spectroaeter  Is  not  at  all  appropriate.  A  de 
Broglie  Instruaent  eg  figure  12  has  been  extensively  used 
for  spectral  surveys  of  laser-lrradlated  targets,  see 
eg  [57].  Without  doubt  however  a  space-resolving  flat 
crystal  Instruaent  as  In  figure  13  Is  aors  appropriate 
when  studying  soft  X-ray  spectral  features  of  laser- 
aatter  Interactlonr . 
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ABSTRACT 

Quantitative  diagnostics  of  fusion  and  astrophyslcal  plasmas  require  knowledge  of  crystal 
spectrometrlc  properties.  To  provide  more  reliable  and  versatile  diagnostics  of  plasma 
conditions.  Increasingly  accurate  knowledge  of  crystal  spectrometrlc  properties  Is  becoming 
necessary.  We  provide  here  a  sumsiary  of  the  following  accurately  measured  parameters  for  the 
crystals  KAP,  RbAP,  TIAP,  NH^AP,  NaAF,  ADP,  and  EDDT: 

1)  2d.  -  the  Interplanar  spacing  of  atoais 

2)  A  -  the  angle  correction  for  norsMl  and  anomalous  dispersion  that  Is  required  for 

application  of  the  Bragg  formula 

3)  o  -  the  thermal  expansion  coefficient  near  room  temperature  for  commonly  used  planes 

4)  Rc  -  the  Integrated  coefficient  of  reflection 


Measured  data  on  Rc  are  compared  to  theory  with 
I.  INTRODUCTION 

Soft  X-ray  spectroscopy  with  crystals  has  been 
applied  extensively  to  several  new  fields  over  the  past 
two  decades  with  considerable  Interaction  among  workers 
In  different  disciplines.  From  the  early  days  of 
extension  of  quantitative  x-ray  analysis  to  the  soft 
x-ray  range  (1)  we  have  seen  crystal  spectroscopy 
extended  to  controlled  thermonuclear  confinement  fusion 
(2),  solar  physics  (3),  laser  fusion  (4),  and  x-ray 
astronomy  (5).  A  comsun  link  between  these  new  fields 
is  the  predominance  of  radiation  from  hot  plasmas  in  the 
soft  x-ray  range. 

As  diagnostics  have  become  more  sophisticated, 
there  has  been  a  need  for  quantitative  knowledge  of  the 
spectrometrlc  properties  of  crystals  used  for 
diffraction  In  the  energy  range  below  5  keV,  especially 
In  the  range  O.l  to  2  keV.  Neither  the  crystals  (beryl, 
gypsum,  mica,  and  multi-layer  films)  nor  the  technology 
available  through  1960  were  adequate  for  the  needs. 
Results  of  steady  progress  In  the  technologies  of  x-ray 
sources,  detectors,  gratings,  collimators,  and  other 
areas  are  presented  In  other  papers  In  this  volume.  We 
shall  report  on  some  progress  In  crystal  diffraction. 

Some  applications  have  demanded  crystals  with  the 
highest  possible  Integrated  reflection  coefficient  Rc. 
This  is  particularly  true  In  x-ray  astronomy.  Other 
applications.  Including  solar  physics  and  fusion  plasma 
spectroscopy,  have  Increasingly  shown  the  need  for 
better  resolving  power,  which  requires  narrow  crystal 
reflection  profiles  for  monochromatic  radiation. 
Because  signal  strengths  go  down  as  resolving  powers  go 
up  we  have  attempted  to  find  crystals  that  provide  an 
optimization  of  the  two  parameters.  As  a  result  of  much 
work  among  several  groups  (6-18)  there  Is  now  a  body  of 
evidence  showing  chat  good  reproducibility  of 
spectrometrlc  properties  can  be  obtained  with  reasonable 
care  In  selection  of  crystal  specimens  from  certain 
vendors.  It  Is,  therefore,  appropriate  to  summarize 
some  often-used  crystal  parameters.  We  report  here  our 
results  on  Integrated  reflection  coefficients  (Rc), 
Interplanar  spacings  (2d.),  thermal  expansion 
coefficients  (a),  and  dispersion  corrections  to  measured 
Bragg  angles  (A).  Crystals  on  which  we  report  are 
amaonium  acid  phthalate  (NH^AP),  sodium  acid  phthalate 
(NaAF),  potassium  acid  phthalate  (KAP),  rubidium  acid 
phthalate  (RbAP),  thallium  acid  phthalate 
(TIAP) , amaonium  dlhydrogen  phosphate  (ADP),  and  ethylene 
diamine  dlhydrogen  tartrate  (EDDT). 

For  background  on  definitions  and  techniques 
related  to  crystal  reflection  parameters  the  reader 
should  consult  references  7  and  8  and  standard  textbooks 
like  Compton  and  Allison  (19). 


good  agreement . 

II.  Rc  MEASURED  WITH  LINE  SOURCES  AND 
COMPARED  TO  THEORY 

Data  reported  in  this  section  are  a  composite  of 
many  measurements  spread  intermittently  over  nearly  two 
decades.  Some  measurements  were  made  with  line 
emissions  from  electron  beam  excited  sources,  some  from 
fluoresence  line  sources,  and  some  from  both. 
Techniques  to  minimize  systematic  errors  are  extremely 
Important.  These  are  described  in  references  6  and  7  in 
particular.  A  source  of  systematic  error  not  emphasized 
in  recent  literature  Is  the  spectrometer  beam  limiting 
aperture,  which  must  be  the  same  aperture  for  Che  direct 
and  reflected  beams.  In  the  ultrasoft  region  when  large 
beam  sizes  are  employed  It  usually  becomes  necessary  to 
support  Che  thin  proportional  counter  window  with  a 
honeycomb  structure  in  addition  to  a  wire  mesh.  Then  It 
is  necessary  to  assure  the  combination  of  source  and 
detector  geometries  does  not  cause  any  rapid  variation 
of  direct  beam  Intensity  with  angle.  This  Is 
controllable  In  systems  where  the  6  and  26  drives  can  be 
decoupled. 

Figures  1  through  7  show  results  of  measurements 
from  line  sources  compared  to  theoretical  calcu'ations. 
Results  for  the  acid  phthaltes  are  for  our  best  crystals 
with  cleaved  and  undegraded  surfaces.  RbAP  and 
especially  NH^AP  are  known  to  deteriorate  with  time  but 
all  the  acid  phthalates  can  be  stabilized  to  better  than 
10  percent  per  year  by  overcoating  their  surfaces  with 
~500A  aluminum  or  other  protective  layer  and  storage  In 
a  desslcator  Jar  (18).  ADP  and  EDDT  require  solution 
polishing  by  the  technique  of  Deslattes  et  al.  (20)  and 
the  protective  coating  Just  mentioned  to  assume  nearly 
perfect  crystal  behavior  and  long  term  stability. 
Without  the  solution  polishing  these  two  crystals  can  be 
very  different  from  the  theoretical  curves  because  the 
crystals  must  be  cut  to  the  desired  reflecting  planes. 
The  cutting  process  can  Introduce  mosaic  structure  that 
causes  larger  Rc  than  for  perfect  crystals,  or 
contamination  of  the  surface  that  can  cause  lower  Rc. 

In  Figure  6  the  ADP  (101)  measurements  at  Al  Ka 
(51. 5  deg)  were  done  on  a  large  crystal  that  had  been 
carefully  solution  polished  and  coated  ttro  years  prior 
to  the  measurement.  It  had  also  experienced  three 
rocket  flights.  The  three  orders  of  reflection  of  CuKo 
were  made  on  a  different  crystal  that  was  a  fairly  good 
one,  but  was  not  protected  by  an  overcoating  during 
three  months  between  polishing  and  measuring.  In  Figure 
7  the  triangles  are  for  two  orders  of  CuKa  reflection 
from  our  most  perfect  EDDT.  A  three  months  delay 
between  polishing  and  measuring  without  a  protective 
coating  may  be  responsible  for  the  measured  values 
falling  above  the  theoretical  Darwln-Prins  curves. 
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Fig.  1.  Rc  aeaaured  for  NH^p  and.  compared  to  Re 

calculated  from  Daririn-Prloa  theory  for  perfect  Fig.  3.  Rc  meaaured  for  KAP  and  coapared 
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Fig.  2.  Rc  measured  for  NaAP  and  compared  to 
Oarwln-Prlns  theory. 
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Fig.  4.  Rc  measured  for  RbAP  and  compared  t( 
Darvln-Prlna  theory. 
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Fig.  S.  Re  measured  for  TtAP  and  compared  to 
Darvln-Prlna  theory.  It  was  assumed  chat  TfAF  Is 
Isostructural  to  RbAP  for  the  calculations,  which  were 
kindly  provided  ahead  of  publication  by  Ping  Lee  and 
Burton  Henke. 
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Fig.  6.  Rc  measured  for  ADP  and  compared  to 
Darwln-Prlos  theory. 
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Fig.  7.  Rc  measured  for  EDDT  and  compared  to 
Darvln-Prlns  theory. 


Indirect  measurements  of  EDDT  resolving  powers  from 
polished  and  coated  crystals  have  convinced  us  that 
nearly  perfect  crystal  behavior  (Darwin  Prins)  can  be 
consistently  achieved  with  selected  specimens. 

This  raises  the  essential  question  of  how  one 
selects  good  specimens  and  from  whom.  He  can  give  the 
following  guidelines,  which  are  necessary  and  in  our 
experience  sufficient.  The  acid  phthalates  must  be 
transparent,  colorless,  flat,  and  free  of  any  visible 
defects  such  as  cracking,  twinning,  pltts,  scratches,  or 
abraslc '.  Flatness  can  be  easily  checked  by  simply 
observing  the  sharpness  of  an  autocollimator  reflected 
reticle  image.  Cleavage  steps  on  the  reflecting  surface 
are  generally  not  a  problem  because  the  stepped  layers 
are  parallel  to  one  another.  The  autocollimator  test 
reveals  whether  this  is  true  or  not  in  each  case. 
Because  these  cleavage  steps  can  influence  the  tilt 
angle  a  crystal  holder  with  tilt  angle  (21) 
adjustability  is  desirable  for  high  precision 
measurements.  All  the  acid  phthalates  except  F  need 
to  be  freshly  cleaved  Just  prior  to  use  or  else  >.ieaved 
and  coated  prior  to  storage.  Any  thin  coating 
impervious  to  water  vapor  and  air  should  be  adequate. 
ADP  and  EDDT  must  have  the  same  charactertlstlcs  after 
solution  polishing,  and  both  should  be  coated  within  a 
day  after  polishing.  For  precision  measurements  above  5 
keV  the  coating  should  be  done  immediately  after 
polishing  (22). 

Our  moat  perfect  samples  have  come  from  Warren 
Ruderman  (formerly  with  Isomet  Corp.  and  now  with 
INRAD).  High  quality  specimens  in  large  sixes  are 
available  from  stocked  crystals  from  ()uartx  Products 
Corp.  He  suspect  the  above  criteria  will  be  adequate 
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for  selection  of  good  crystals  from  other  vendors  as 
well. 

A  few  points  about  Figures  1  to  7  are  noteworthy. 

The  calculated  curves  depend  on  Che  accuracy  of 
atomic  positions  taken  from  crystal  structure 
determinations  and  on  absorption  coefficients  (among 
ocher  paratmeCers) .  Small  errors  In  structure 
determinations  can  easily  account  for  deviations  In  weak 
higher  order  reflections,  such  as  the  third  order  AlKa 
from  the  acid  phchalates.  In  the  case  of  TIAP  no 
measured  structure  Is  available  and  it  has  been  assumed 
Isostruccural  to  RbAP. 

It  has  been  the  practice,  especially  In  x-ray 
analysis  literature,  to  quote  ratios  of  ref leccivltiea 
for  a  particular  crystal  in  different  orders  at  a  given 
wavelength,  with  the  implication  that  these  ratios  could 
be  applied  to  other  wavelengths.  In  the  soft  x-ray 
range  this  Is  a  practice  to  be  avoided  because  of  the 
strong  effects  of  anomalous  dispersion  on  structure 
factors  and  reflectivities.  For  example  the  first  three 
orders  of  Rc  for  CuKa  reflected  off  KAP  are  in  the  ratio 
10000:630:100  while  for  AlKn  they  are  in  the  ratio 
10000:440:3.  Just  a  glance  at  the  figures  in  fact  shows 
the  problem,  while  pointing  up  the  need  for  such  a 
summary  as  we  are  attempting  In  this  paper. 

Among  other  crystals  for  soft  x-ray  diffraction  we 
note  that  PET  should  be  good  In  theory  (E).  Our  one 
crystal  was  very  poor  but  we  note  that  Alexandropoulos 
(10)  reported  results  close  to  theoretical.  Hall  et 
al.  (12)  In  a  detailed  study  of  PET  found  a  nearly 
perfect  sample  compared  to  theory,  but  also  noted  major 
degradation  at  short  wavelengths  after  two  years.  A 
stabilizing  coating  should  be  tried  on  a  good  PET 
sample.  Measurements  with  GYPSUM  In  our  labs  confirm 
the  report  of  Stephenson  and  Martin  (23).  We  found 
Rc  •  3  x  10~^  at  NlLo  for  about  three  hours  and  then  a 
decay  by  a  factor  two  In  the  next  six  hours.  Based  on 
the  success  at  stabilizing  NH^AP  by  an  aluminum  coating 
the  technique  should  be  tried  on  GYPSUM. 

Determinations  of  Rc  at  OKu  with  line  sources  are 
susceptible  of  large  systematic  errors  because  of  the 
complex  nature  of  both  the  source  emission  line  spectra 
and  the  crystal  reflection  coefficient  structure  (24). 
Because  of  the  latter  factor  theory  Is  also  very  weak 
around  absorption  edges  and  especially  around  the 
OK-edge.  Our  data,  presented  in  the  next  section,  will 
clarify  Rc  In  this  range. 

III.  Rc  OF  ACID  PHTHALATES  AROUND  THE  OXYGEN 
K-EDGE  FROM  CONTINUUM  SOURCE  MEASUREMENTS 

A  systematic  experimental  study  of  Rc  measured 
continuously  over  the  range  300-650  eV  around  the 
OK-edge  has  been  completed  for  five  commonly  used  acid 
phthalate  crystals.  An  example  of  the  remarkable 
variations  of  Rc  over  this  range  Is  shown  In  Figure  8. 
The  reader  should  consult  reference  24  for  a  full 
discussion  of  the  background  concerning  these  Rc 
variations,  the  measurement  technique,  and 
Interpretation  of  the  data. 

Very  briefly  one  obtains  a  calibrated  continuum 
source  by  the  following  procedure.  As  seen  in  Figure  3 
the  measuresttnts  from  line  sources  confirm  the  validity 
of  the  Darwin  Frlns  calculations.  Accordingly  these 
calculated  Rc  values  are  used  to  calibrate  a  continuum 
source  (gold  anode)  over  the  range  "20-40  deg.  This 
monotoolcally  declining  Intensity  source  spectrum  Is 
then  extrapolated  to  larger  angles  where  the  procedure 
Is  Inverted  to  yield  the  values  of  Rc  with  an  estimated 
accuracy  of  ilS  percent.  Because  Rc  Is  continuously 
determined  and  shows  large  variations  we  refer  to  this 
approach  as  crystal  reflection  Integral  spectroscopy  or 
(»IS. 

In  this  energy  range  no  crystals  are  known  that 
simultaneously  have  the  required  long  2d  spacing,  the 
absence  of  oxygen  In  the  crystal  composition,  and  useful 
diffraction  properties.  Thus  the  add  phthalates  arc 
presently  used  by  nearly  everyone  and  a  summary 
tabulation  of  reference  vduea  of  Re  seems  appropriate. 


Fig.  8.  Rc  measured  for  KAP  by  means  of  a  calibrated 
continuum  x-ray  source.  The  magnitude  of  Rc  Is 
determined  largely  by  the  Imaginary  part  of  the 
scattering  factor,  which  is  related  to  absorption 
coefficients,  and  these  In  turn  vary  near  ionization 
edges  because  of  the  size  and  shape  of  the  molecule  and 
because  of  extended  x-ray  absorption  fine  structure 
(EXAFS). 


Accordingly  we  present  Rc  data  on  five  acid 
phthalates  in  Tables  I  through  V.  These  are  weighted 
averages  for  several  scans  for  each  crystal.  Angle 
intervals  have  been  selected  so  that  each  curve  can  be 
reconstructed  to  the  accuracy  of  the  data.  Angle 
uncertainties  are  10.05  deg  (2o).  Anyone  wishing  to  use 
these  data  to  correct  their  measured  spectra  In  this 
range  will  find  It  sufficient  to  simply  shift  the 
tabulated  data  to  correct  for  zero  error  in  their 
spectrometer.  If  the  zero  error  is  not  known  or  not 
easily  measured,  a  separate  scan  of  most  any  oxygen 
emission  spectrum  or  any  continuum  emission  spectrum 
from  a  laboratory  x-ray  tube  will  reveal  the  dominant 
reflectivity  spike  A,  which  occurs  In  all  five  crystals 
and  can  be  identified  In  plots  from  Tables  I-V. 

IV.  OTHER  PARAMETERS  REQUIRED  FOR 
PRECISION  X-RAY  SPECTROSCOPY 

X-ray  diagnostics  of  fusion  plasmas  and  the  solar 
corona  have  now  progressed  to  the  point  where  line 
profile  measurements  and  precision  wavelength 
determinations  are  required.  Then  one  isust  use  the 
correct  form  of  the  Bragg  equation;  that  Is,  either  the 
angle  of  diffraction  or  the  interplanar  spacing  must  be 
corrected  for  dispersion  Inside  the  crystal.  The  basic 
crystsl  spectrometer  equation  Is 

nl  -  2d„  >1''^ 

where  2d«  Is  the  true  Interplanar  spacing  of  atoms  and 
is  related  to  the  measured  peak  diffraction  angle  6 
by 

e  -  Bj  +  A  (2) 

and  A  is  the  correction  for  refraction  of  x-rays  inside 
the  crystal.  For  a  review  of  how  &  is  calculated  from 
atomic  constants  see  references  19,  8,  and  25.  It  is 
related  to  atomic  constants  through  6,  the  unit 
decrement  of  the  Index  of  refraction,  by 

A  •  A(sln6gcos6||)~^  radians. 
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TABLE  III 

R  MEASURED  FOR  KAP 


0  (deg) 

R  X  10^  (rad) 
c 

0 (deg) 

R  X  10^  (rad) 
c 

e  (deg) 

R  X  10^  (rad) 
c 

0  (deg) 

35,0 

5.78 

51.0 

5.42 

57.85 

6.32 

60.9 

36.0 

5.65 

51.5 

5.51 

58.0 

6.35 

61.0 

37.0 

5.54 

52.0 

5.56 

58.1 

6.42 

61. 10 

38.0 

5.42 

52.5 

5.49 

58.25 

6.89 

61.25 

39.0 

5.32 

53.0 

5.56 

58.4 

7.44 

61 . 35 

UO.O 

5.29 

53.15 

5.58 

58.5 

7.98 

61.45 

iil.O 

5.32 

53.5 

5.42 

58.6 

8.26 

61 . 55 

41.5 

5.33 

53.75 

5.32 

58.7 

8.55 

61.65 

42.0 

5.35 

54.0 

5.42 

58.85 

8.84 

61 . 75 

42.5 

5.37 

54.5 

5.57 

59.0 

8.53 

62.0 

43.0 

43.5 

5.30 

5.22 

54.75 

55.0 

5.60 

5.59 

59.25 

59.5 

7.77 

6.60 

62. 25 
62.5 

44.0 

5.18 

55.25 

5.55 

59.65 

5.94 

62.75 

45,0 

5. 11 

55.5 

5.59 

59.75 

5.80 

63. 0 

46.0 

5.13 

55.75 

5.70 

59.85 

5.93 

63. 25 

46.5 

5. 13 

56.0 

5.80 

59.95 

6.03 

63.5 

47.0 

5.18 

56.25 

5.98 

60.0 

5.90 

64.0 

47.35 

5.24 

56.5 

6.11 

60. 1 

5.64 

65.0 

47.75 

5.16 

56.75 

6.35 

60. 35 

5.09 

66. 0 

48.0 

5.18 

56.9 

6.38 

60.45 

5.32 

68. 0 

49.0 

5. 16 

57.1 

6.36 

60.5 

5.60 

71.0 

49.5 

5. 16 

57.4 

6.16 

60.6 

7.32 

74.0 

50,0 

5.22 

57.65 

6.03 

60.7 

9.50 

78.0 

50.5 

5.30 

57.75 

6.13 

60.8 

13.3 

R  X  10^  (rad) 
c 

18.0 

25.5 

30.0 

25.5 

18.3 

11.0 

7.70 

5.80 
4.60 
3.15 

2.48 
2.02 
1.90 
1.94 
2.01 
2.10 
2. 18 
2.50 

2.80 

3.48 
4.42 
5.28 
6.21 


TABLE  IV 

R  MEASURED  FOR  NaAP 
c 


9  (deg) 

R  X  10^  (rad) 
c 

0 (deg) 

R  X  10^  (rad) 
c 

0 (deg) 

R  X  10^  (rad) 
c 

0  (deg) 

R  X  10®  (rad) 
c 

48.0 

2.40 

59.25 

4.00 

61.6 

3.90 

63.5 

3.3 

49.0 

2.35 

59.50 

5.00 

61.7 

6.90 

64.0 

2.4 

50.0 

2.40 

59.75 

5.50 

61.8 

11.8 

64.5 

1.8 

51.0 

2.45 

60.00 

4.90 

61.9 

19.6 

65.0 

2.05 

52.0 

2.55 

60.25 

4.15 

62.0 

27.0 

66.0 

1.45 

52.5 

2.60 

60. 30 

4.10 

62.06 

31.1 

67.0 

1.5 

53.0 

2.55 

60.5 

4.60 

62.1 

28.0 

68.0 

1.65 

54.0 

2.40 

60.6 

5.40 

62.2 

24.4 

69.0 

1.9 

54.4 

2.30 

60.7 

6.00 

62.3 

18.5 

70.0 

2.15 

55.0 

2.40 

60.8 

6.20 

62,4 

14.0 

71,0 

2.5 

56.0 

2.25 

60.9 

6.  15 

62.5 

11.4 

72.0 

2.8 

57.0 

2.15 

61.0 

5.60 

62.6 

9.4 

73.0 

3.05 

57.5 

2.35 

61.1 

4,70 

62.7 

8.1 

74.0 

3.4 

58.0 

2.95 

61.2 

4.40 

62.8 

7.0 

75.0 

3.7 

58.35 

3.20 

61.3 

4. 10 

62.9 

6.1 

76.0 

4.0 

58.5 

2.15 

61.4 

3.50 

63.0 

5.5 

77.0 

4.25 

58.75 

59.0 

2.05 

2.25 

61.5 

3.20 

63,25 

4.3 

78.0 

4.55 

TABLE  V 
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R  HEASURED  FOR  NH..AP 


c 


P  ; 

^^B  ^^B 

P  r 

E  1 

E 

E  : 

E ; 

E ‘ 

E  7 

^^B  ^^B 

E  * 

E  1 

j^B 

E  * 

E ! 

E : 

E 1  ^^B 

Eli 

6  (deg) 

R  X  10^  (rad) 
c 

6  (deg) 

R  X  10®  ( 
c 

62.6 

6.6 

64.25 

8.4 

62.7 

11.8 

64.5 

7.5 

62.8 

18.7 

64.75 

6.75 

62.9 

26.0 

65.0 

6. 1 

63.0 

30.0 

65.5 

5.0 

63.05 

32.3 

66.0 

4.35 

63.1 

:.L.O 

67.0 

3.5 

63.2 

26.0 

68.0 

3.1 

63.3 

22.4 

69.0 

2.85 

63.4 

18.5 

70.0 

2.7 

63.5 

16. 1 

71.0 

2.6 

63.6 

14.1 

72.0 

2.45 

63.7 

12.6 

73.0 

2.4 

63.8 

11.5 

74.0 

2.35 

63.9 

10.9 

75.0 

2.35 

64.0 

10.2 

76.0 

2.35 

77.0 

2.35 

78.0 

2.35 

One  can  calculate  6  froa  acoalc  scattering  factors  (25) 
which  are  presently  being  suaaarlzed  by  Henke  (26). 

Instead  of  Eq.  (1)  one  can  alternatively  write 

nl  “  ^‘^eff 

where  the  effects  of  refraction  are  Incorporated  Into  an 
effective  Interplanar  spacing 

2d^ff  -  2d,  11-6  cotag)  (5) 

In  either  case  the  required  paraaeter  Is  A.  Table 
VI  provides  A  In  arc  seconds  versus  wavelength  for  the 
first  order  (001)  reflections  of  the  acid  phthalates 
plus  the  aost  laportant  planes  of  ADP  and  EODT.  The 
Miller  Indices  (OOn)  for  NaAP  and  NH^AP  are  extinctions 
for  odd  n,  so  the  first  order  designations  In  Tab)'  VI 
are  (002).  Second  order  Is  (OOA),  and  so  forth. 

To  obtain  A  for  any  order  n  of  these  planes  use  the 
following  relation 

A"  cotO^  ”  A^ 

For  precision  spectroscopy  one  should  pick  a 
crystal  for  which  the  desired  wavelength  Is  not  near  a 
crystal  absorption  edge. 

Values  of  2d,  for  the  saae  crystals  and  planes  have 
been  weasured  In  our  laboratory  with  the  AlKo  doublet 
reference  spectrua.  A  full  discussion  of  spectroneter 
allgnaent,  sources  of  error,  end  correction  procedures 
will  be  published  elsewhere.  Results  are  tabulated  In 
Table  VII  based  on  an  assuaed  absolute  wavelength  of 
8.33955  A  for  AtKOj  froa  a  vacuua  evaporated  alualnua 
anode.  A  saall  correction  was  required  to  relate  the 
aeasured  peak  positions  to  the  AAKa^  wavelength.  This 
correction  was  calculated  froa  convolutions  of  a 
Lorentzlan  approxlaatlon  to  the  Darwln-Prlns  crystal 
profile,  the  aeasured  colllaator  profile,  and  the  line 
profile.  For  the  latter  we  assuaed  the  Ai^Uj  j  doublet 
had  a  2: 1  intanalty  ratio  between  Kn,  and  Koi2>  och 

coaponent  had  a  Lorentzlan  shape,  and  that  the  KapKci2 
separation  was  that  publlahed  by  Kallne  and  Aberg  (27). 
He  find,  however,  that  the  widths  of  each  coaponent  line 
after  correction  for  the  Inatruaent  broadening  should  be 
0.3B  eV  Instead  of  0.5S  eV. 

The  spaclngs  are  all  rafarenced  to  a  crystal 
taaparatura  of  26°C.  For  this  purpose  the  tharaal 
expansion  coefficient  of  the  aeasured  planes  was 


separately  deteralned  by  aeans  of  the  expression  derived 
from  Eq.  (1) 

o  -  -  cote  66/ AT  (7) 

where  a  is  the  expansion  coefficient,  6  is  the  aean 
angle  for  the  reference  line  (AtXo),  and  AB  is  the 
difference  In  peak  positions  for  t%N>  fixed  temperatures, 
Tg  and  Tj^.  Most  of  the  aeasureaents  were  done  at 
Tg  »  30°C  and  Tj^  »  20®C,  so  that  AT  »  10°C.  If  a  varies 
over  this  range,  our  results  in  Table  VII  are  an  average 
over  the  range  of  variation.  Because  the  a  values  are 
large  (especially  for  NH^AP)  it  Is  Important  to  have 
good  temperature  control  In  precision  measurements  with 
these  crystals. 

In  Table  VII  the  listed  values  of  2d,  are 
preliminary.  Some  changes  In  the  last  decimal  nay  occur 
when  our  latest  temperature  recallbratlons  have  been 
Included.  If  improved  AAKn  wavelengths  become 
available,  the  absolute  values  of  2d  will  change  by 
A2d/2d  -  AX/X.  A  preliminary  error  analysis  shows  a  2o 
uncertainty  not  exceeding  20  ppm  for  2d,  on  any  of  the 
seven  crystals.  However,  one  should  keep  In  mind 
possible  variations  froa  one  crystal  to  another  and  the 
shift  required  if  AtKu,  Is  not  8.33955  A.  A  good  cross 
check  Is  possible  on  MF  by  using  the  result  of  Bearden 
and  Huffman  (28),  2d,  -  13289.51  xu  at  26°C,  and  the 
CuKo  conversion  factor,  A  >  1.0020802  A/xu,  from 
Deslattes  and  Henlns  (29)  to  obtain  2d,  -  26.63431  A. 
This  differs  froa  our  value  by  15  ppm. 

V.  DISCUSSION 

Several  sets  of  calculations  (8,26,30)  and 
aeaaureaents  (6,7,15,30)  now  exist  for  Rc  of  RAF,  which 
Is  the  most  stable  and  reproducible  of  the  acid 
phthalates  so  far  as  we  know.  In  the  range  10-20  A 
there  is  agreement  within  plus  or  minus  three  percent 
from  the  mean  for  Rc.  If  one  avoids  the  humps  shown  In 
figure  8  the  agreement  between  our  continuum  source 
results  and  reference  30  la  within  one  percent  froa  16 
to  20  A,  When  one  considers  the  difficulties  of 
handling  all  the  observed  Rc  peaks  theoretically  It 
seems  advlaable  to  extrapolate  from  the  good  RAP 
agreement  outside  the  peaks  and  take  the  continuum 
source  Rc  values  as  the  standards  for  all  the  acid 
phthalates  from  ~19  to  26  A.  in  the  range  23  to  26  A 
the  absolute  accuracy  could  be  as  bad  as  llSZ  (3o) 
because  of  our  extrapolation  uncertainty  and  variations 
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TABU  VI 

INDEX  OF  REFRACTION  CORRECTIONS  .  A.  FOR  ACID  PHTHAUTES,  ADP,  AND  EDDT 


A  (arc  minutes) 


Wavelength 

(002) 

(002) 

(001) 

(001) 

(001) 

(101) 

(200) 

(020) 

A 

NaAP 

NH^AP 

KAP 

RbAP 

TtAP 

ADP 

ADP 

EDDT 

1.0 

.20 

.18 

.21 

.22 

.30 

0.09A 

0.066 

0.068 

2.0 

.AO 

.36 

.A2 

.AS 

.60 

0.192 

0.137 

0.138 

3.0 

.61 

.55 

.62 

.68 

.88 

0.295 

0.218 

0.216 

A.O 

.82 

.7A 

.82 

.90 

1.08 

0.A07 

0.31A 

0.305 

5.0 

1.03 

.93 

1.05 

1.12 

1.07 

0.525 

0.A38 

0.A1S 

6.0 

1.25 

1.1A 

1.28 

1.23 

1.52 

0.6A8 

0.630 

0.562 

7.0 

1.A8 

1.3A 

1.51 

1.A1 

1.8A 

0.853 

1.28 

0.793 

8.0 

1.71 

1.56 

1.75 

1.73 

2.15 

1.12 

1.320 

9.0 

1.9U 

1.78 

2.01 

2.01 

2.  AS 

1.57 

10.0 

2.18 

2.02 

2.27 

2.28 

2.77 

2.72 

11.0 

2.  AO 

2.26 

2.5A 

2.57 

3.09 

12.0 

2.65 

2.52 

2.83 

2.87 

3.A3 

13.0 

2.96 

2.79 

3.1A 

3.18 

3.78 

lA.O 

3.28 

3.07 

3.A6 

3.52 

A.1A 

15.0 

3.61 

3.38 

3.80 

3.87 

A.  S3 

16.0 

3.95 

3.71 

A.  16 

A.  26 

A. 99 

17.0 

A.  33 

A.  06 

A.  55 

A.  68 

S.A6 

18.0 

A.  73 

A.A5 

A.  98 

5.1A 

6. 02 

19.0 

5.  16 

A.  88 

5.AA 

5.65 

6.6A 

20.0 

5.6A 

5.35 

5.95 

6.22 

7.33 

21.0 

6.  1A 

5.88 

6.51 

6.88 

8. 19 

22.0 

6.6A 

6.  A3 

7.08 

7.61 

9.21 

23.0 

6.70 

6.66 

7.29 

8,07 

10.11 

2'».0 

8.55 

8.68 

9.20 

10.  A8 

13. **7 

25.0 

11.93 

12.90 

12.67 

15.56 

21.97 

TABU  VII 

BEST  MEASURED  VALUES*  OF  CRYSTAL  EXPANSION 
COEFFICIENTS  AND  INTERPLANAR  SPACINGS  AT  26®C 


CRYSTAL 

2  « 

1 

m 

Q 

(A) 

(10-® 

c-’) 

EDDT 

(020) 

8.80A79 

+.00008 

18.8 

♦1.0 

ADP 

(101 ) 

10.6A25 

♦.0005 

18.1 

♦0.6 

NH.AP 

(OOn) 

26. 1905 

♦.0007 

133. 

♦9.0 

NaAP 

(OOn) 

26.A185 

♦.0005 

A1.6 

♦5.0 

KAP 

(OOn) 

26.63A7 

♦.0005 

39.7 

♦2.0 

RbAP 

(OOn) 

26. 1160 

♦. 0007 

37.0 

♦3.0 

TiAP 

(OOn) 

25.7625 

♦.0010 

32.7 

♦1.0 

■ 

In  most  eases  there  were  not  enough  independent  meas¬ 
urements  for  a  reliable  statistical  analysis  of  disper¬ 
sion  in  the  data.  Also,  variations  were  found  among 
samples.  The  errors  quoted  include  upper  limits  to 
known  systematic  errors  plus  an  estimate  of  random 
error  taken  to  be  three  times  the  range  of  partially 
subjective,  selected  measurements.  Selection  factors 
included  internal  data  consistency  and  sample  purity. 
The  final  2d  values  are  also  systematically  uncertain 
by  the  amoisit  of  uncertainty  in  the  AlRe.  wavelength, 
■r30  ppm.  This  error  is  eventually  correctable. 


among  crystals.  Below  10  A  the  agreement  is  not  as 
good*  Future  work  should  be  concentrated  on  the  range 
below  10  A  for  KAP,  and  on  better  controls  on  sample 
histories  for  the  other  acid  phthalates. 

There  are  some  general  consents  about  crystals  for 
low  energy  x-ray  diagnostics  we  can  make  from  these 
results. 

NH.AP  has  particular  merit  in  second  order  for 
combined  high  resolving  power  and  reflectivity  in  the 
narrow  range  11.3  to  12.3  A  for  applications  where  the 
first  order  is  negligible,  such  as  NeX  Lya  from  solar 
active  regions. 

RbAP  has  good  general  utility  because  it  has  high 
Re,  medium  resolving  power,  and  good  separation  between 
first  order  and  higher  orders. 

TtAF  is  the  crystal  of  choice  when  reflectivity  is 
most  in  demand  or  «Aen  observing  near  the  oxygen  K-edge, 
but  it  has  poor  resolving  power. 

EDDT  is  especially  good  below  8.5  A  because  it  has 
high  reflectivity,  high  resolving  power,  good  separation 
of  orders,  absence  of  absorption  edges,  and  ready 
availability  in  large  sizes.  In  the  long  wavelength 
range  where  this  crystal  is  well  suited  the 
stabilization  by  means  of  a  thin  overcoating  works  well 
for  St  least  two  years. 
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Evaporated  Multilayer  Diapersion  Elements  for  Soft  X-Rays 
E.  Spiller 

IBM  T.J.  Watson  Research  Center,  Box  218,  Yorictown  Heights,  NY  1 0598 

ABSTRACT 

The  design  possibilities  and  limitations  of  multilayer  structures  for  soft  x-ray  spectroscopy  are 
summarized.  Near  grazing  incidence  structures  can  have  a  large  integrated  reflectivity  and  a  large 
relative  bandwidth  close  to  one.  The  smallest  possible  bandwidth  or  highest  possible  resolution  is 
obtained  near  normal  incidence,  and  is  determined  by  the  absorption  index  k  of  the  most  transparent 
material  available;  the  maximum  resolution  is  N„,,  3!  l/2vk.  Depending  on  the  wavelength,  values 
for  N,„,  can  be  Ixtween  10  and  10*  in  the  soft  x-ray  region.  The  practical  realization  of  a  design 
requires  good  thickness  control  and  sharp,  smooth  boundaries  between  the  layers.  Sufficient  thickness 
control  has  been  obtained  by  in  situ  monitoring  of  the  x-ray  reflectivities.  Within  the  uncertainties  of 
the  optical  constants  the  measuf^  performa^  of  the  best  multilayer  systems  is  in  agreement  with 
theory  for  multilayer  periods  larger  than  30A.  For  smaller  period  lengths,  the  peak  reflectivity  is 
smaller  than  the  theoretical  values.  The  lower  reflectivity  can  be  explained  by  an  effective  roughness 
of  the  multilayer  system  in  the  order  of  3A. 


1.  INTRODUCTION 

There  are  two  well  known  geometries  which  utilize 
interference  effects  to  produce  high  reflectivity  mirrors:  the 
quarter  wave  stack,  and  the  ideal  Bragg  crystal  (Pig.l). 
The  quarter  wave  stack  consists  of  alternating  layers  of  high 
(H)  and  low  (L)  refractive  index,  each  of  the  same  optical 
thickness  nd  »  A/4  (for  normal  incidence),  such  that  all 
boundaries  add  with  equal  phase  to  the  reflected  wave.  For 
the  case  that  both  film  materials  are  completely  absorption 
free,  the  quarter  wave  stack  gives  the  highest  reflectivity 
with  the  fewest  number  of  layers  and  approaches  a  reflec¬ 
tivity  R  =  100%.  In  an  ideal  Bragg  crystal  the  atomic 
planes  are  usually  much  thinner  than  a  quarter  wave,  differ¬ 
ent  planes  are  spaced  A/2  apart  (for  normal  incidence)  and 
contribute  in  phase  to  the  reflected  wave.  For  the  case  that 
the  space  between  the  atomic  plane  is  absorption  free,  the 
reflectivity  approaches  R  —  100%  for  a  large  numer  of 
layers  even  if  the  thin  atomic  planes  are  absorbing.  The 
elimination  of  the  absorption  losses  is  due  to  the  fact  that 
the  atomic  planes  are  located  at  the  nodes  of  the  standing 
wave  field  generated  by  the  superposition  of  the  incidence 
and  reflected  wave  (see  Fig.l).  In  the  quarter  wave  stack, 
on  the  other  hand,  each  layer  extends  from  a  node  to  an 
autinode;  if  one  or  both  layers  are  only  slightly  absorbing 
the  performance  of  the  quarter  wave  stack  deteriorates  fast 
due  to  the  large  absorption  losses  at  the  antinodes  of  the 
standing  wave  field. 


QUARTER  WAVE 
STACK 


IDEAL  BRAGG 
CRYSTAL 


Fig.l  The  quarter-wave  stack  (top)  gives  the  fastest 
increase  in  relectivity  with  increasing  number  of 
layers,  but  deteriorates  fast  in  performance  if  one 
of  the  layers  is  absorbing.  The  ideal  Bragg  crystal 
(bottom)  minimizes  absorption  by  positioning  the 
layers  (atomic  planes)  into  the  standing  wave 
produced  by  the  superposition  of  the  incident  and 
reflected  wave. 


Optimum  multilayer  designs  for  soft  x-rays  are  be¬ 
tween  the  two  limits  of  Fig.l.  Designs  for  the  highest  pos¬ 
sible  resolution  are  similar  to  a  Bragg  crystal  while  designs 
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for  largest  integrated  reflectivity  are  more  similar  to  the 
quarter  wave  stack.  However,  due  to  the  fact  that  all  mate¬ 
rials  are  absorbing  in  the  soft  x-ray  region,  the  two  design 
limits  never  represent  an  optimum  design  in  the  soft  x-ray 
region.  Optimum  designs  are  in  many  cases  aperiodic,  be¬ 
ing  close  to  a  quarte  wave  stack  at  the  bottom  of  the  coat¬ 
ing  and  close  to  the  crystal  at  the  top  of  the  coating  (I). 

Film  deposition  by  evaporation  offers  most  easily  the 
widest  choice  in  the  selection  of  the  thickness  of  each  film 
in  a  multilayer;  provided  that  sufficiently  smooth  films  can 
be  deposited  with  sufficient  thickness  control,  evaporation 
methods  promise  the  realization  of  customized  coatings 
optimized  for  specific  applications. 

We  will  summarize  in  this  paper  the  design  possibili¬ 
ties  of  multilayers  for  spectroscopic  applications  and  review 
the  state  of  the  art  of  fabricating  these  coatings  by  vacuum 
deposition. 

II.  MULTILAYER  CALCULATION  AND  DESIGN 


The  calculation  of  the  performance  (reflectivity, 
transmission,  phase  shift)  of  a  multilayer  structure  is 
straighforward  and  treated  in  any  textbook  on  optical  thin 
films  (2).  Except  for  the  periodic  structures  of  the  two 
limiting  cases  of  Fig. I,  analytical  formulas  are  not  very 
handy  and  the  computations  are  best  performed  with  a 
digital  computer.  The  two  most  popular  methods  are  the 
recurrent  use  of  the  single  film  formula  or  the  Matrix  me¬ 
thod. 

In  the  recurrent  method,  one  starts  with  the  equation 


.-2iA 


I  +  r.tbe 


-2i4 


(la) 


A 


2ir  d  n  cos  a 


(2a) 


which  gives  the  reflected  amplitude  of  a  single  film  as  a 
function  of  the  reflected  amplitudes  of  the  top  (r,)  and 
bottom  (r^)  of  the  film  and  of  the  phase  retardation  A  of  a 
wave  propagating  with  a  propagation  angle  thrs,ugh  the 
thickness  d  of  the  film.  The  refractive  indices  n  and  in 
general  r,,  r^  and  cosa  are  complex  quantities. 

The  influence  of  an  additional  layer  can  now  be 
calculated  by  replacing  r^  in  Eq.l  by  the  value  obtained 
previously  for  r,  and  again  using  Eq.l  now  for  the  calcula¬ 
tion  of  the  two  layer  system.  Repeated  application  of  Eq.l 
gives  finally  the  reflected  amplitude  (and  also  the  transmis¬ 
sion)  for  an  arbitrary  structure  of  thin  films. 

The  reflection  coefficients  r,,  r^,  (for  s-  and  p- 
polarizatjon),  at  the  boundaries  of  two  materials  (refractive 
indicies  n^nj)  which  have  to  be  inserted  into  Eq.l  are 
obtained  from  Fresnel’s  equations 

n|  cos  O]  -  n2  cos  oj 
n|  cos  O]  -F  02  cos  02 


n,  cos  02  -  02  cos  a, 
n|  cos  02  +  1*2  “l 


where  the  propagation  angles  in  the  materials  are  obtained 
by  Snell's  law  from  the  angle  of  incidence  a,  in  vacuum 

n,  sin  a,  -  n2  sin  oj  “  sin  (3) 


(2a) 

(2b) 


Fig.2  Reflectivities  R,  and  R^  for  s-  and  p-polarization 
at  the  boundary  of  2  materials  versus  the  angle  of 
incidence  in  vacuum  calculated  from  Eqs.l  and  2. 
The  optical  constants  are  those  for  C  and  Au  from 
Ref.3. 


Fig.2  gives  typical  relectivity  curves  R,  =  I  r^  P,  R  = 
I  r^,  I  ^  at  the  boundary  of  two  materials  in  the  soft  x-ray 
region;  the  optical  constants  used  are  those  given  in  Ref.3 
and  4  for  carbon  and  gold.  Except  for  very  grazing  inci¬ 
dence  angles  the  reflectivity  of  all  material  is  very  low  in 
the  soft  x-ray  region,  and  the  purpose  of  a  multilayer  coat¬ 
ing  is  to  enhance  the  reflectivity  to  a  value  close  to  1  by 
utilizing  constructive  interference  between  many  bounda¬ 
ries. 

The  matrix  method  is  due  to  Abeles  (S)  and  utilizes 
the  fact  that  for  any  linear  system  the  output  field  vector 

H„„,)  can  be  obtained  from  the  input  (E„„,,  H  )  by 
multiplication  with  a  characteristic  matrix.  The  matrix  M, 
for  a  single  film  can  be  easily  derived  and  the  martix  for  a 
multilayer  coating  is  simply  the  product  of  all  its  single  film 
matrices.  (See  Born  and  Wolf  for  details  and  note  that  for 
soft  x-rays  all  matrix  elements  are  complex).  All  properties 
of  an  arbitrary  multilayer  are  then  obtained  from  the  matrix 
elements  of  the  product  matrix.  The  matrix  method  can  be 
very  elegantly  programmed  on  a  digital  computer,  especially 
in  a  computer  language  like  APL,  where  matrix  operations 
are  directly  incorporated. 


The  inversion  of  a  multilayer  calculation,  i.e,  the  task 
to  find  a  multilayer  coating  which  approaches  a  given  re¬ 
flectivity  (or  transmission  or  phase  shift)  curve  is  much 
more  complicated  and  may  also  lead  to  solutions  that  can¬ 
not  be  realized  in  practice.  The  problem  and  some  ap¬ 
proaches  are  reviewed  in  two  books  (6,7).  Due  to  the 
limited  range  of  available  optical  constants  in  the  soft  x-ray 
region  design  possibilities  are  much  more  limited  here  than 
at  visible  wavelengths. 

We  will  in  the  following  restrict  ourselves  to  the  most 
simple  designs  with  the  goal  to  explain  the  available  design 
choices  and  will  only  give  the  directions  towards  more  so¬ 
phisticated  designs.  Trial-and-error  methods  are  in  many 
cases  sufficient  in  the  soft  x-ray  range. 

III.  ROUGH  BOUNDARIES  AND  GRADUAL 
TRANSITION  BETWEEN  LAYERS 

A  rough  boundary  or  a  gradual  transition  between 
two  materials  reduces  the  reflectivity  at  this  boundary.  The 
simplest  theory  gives  for  the  reduction  of  the  reflected 
amplitude  r/r„ 
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r/r„  -  exp  -  2  (  )  .  (4) 

when  r,  is  the  amplitude  reflectivity  of  a  smooth  and  sharp 
boundary,  and  o  is  the  rms  roughness.(8-10)  Equation  4  is 
valid  under  the  assumption  that  the  surface  heights  varia¬ 
tions  are  described  by  a  Gaussian  of  variance  o  and  that  the 
slopes  are  sufficiently  small  such  that  polarization  effects, 
shadowing  and  multiple  scattering  can  Im  neglected.  Equa¬ 
tion  4  also  describes  the  reflectivity  reduction  by  a  smooth 
Gaussian  transition  layer  between  two  materials  if  the  re¬ 
flectivity  is  small  (r„  <<  1).  While  the  loss  in  reflectivity 
will  appear  as  scattered  light  for  the  rough  surface  it  will 
show  as  increased  transmission  for  the  smooth  transition 
layer.  The  theory  of  multilayer  structures  with  rough 
boundaries  has  been  developted  by  several  authors.!  1 1-13) 
Experimental  data  which  can  be  compared  to  the  detailed 
theory  have  not  been  obtained  up  to  now;  for  soft  x-rays 
authors  have  used  the  single  bondary  Eq.  4  to  describe  the 
measured  performance  of  a  multilayer  coating.  The 
"effective"  roughness  obtained  this  way  may  deviate  from 
the  real  topographical  roughness  of  the  interfaces. 

One  important  result  of  the  multilayer  theory  is,  that 
scattering  is  greatly  reduced  for  a  boundry  at  the  node  of  a 
standing  wave.(ll)  Therefore  for  the  same  topographical 
roughness,  we  can  expect  less  scattering  for  the  design  of 
Fig. lb  than  that  of  Fig. la;  furthermore,  scattering  decreas¬ 
es  as  the  standing  wave  ratio  or  the  reflectivity  increases. 

IV.  DESIGN  LIMITS 


PHOTON  ENERGY  (eV) 


The  design  possibilities  and  limits  can  be  estimated 
by  considering  two  parameters  and  is  the 

minimum  number  of  periods  required  to  give  a  reflectivity 
close  to  1,  considering  only  the  Fresnel  reflection  coeffi¬ 
cients  r  at  each  boundary  and  neglecting  absorption  losses 
due  to  propagation  through  the  films,  while  is  the 
maximum  number  of  periods  which  can  be  penetrated  due 
to  the  absorption.  For  the  case  >>  a  reflectivity 
close  to  100%  can  be  achieved  and  the  freedom  to  select 
substantially  different  designs  is  proportional  to  the  ratio 
'^**ile  for  the  case  that  «  N  the  maxi¬ 
mum  possible  reflectivity  is  small  (R..,,,  <<  1)  and  essen¬ 
tially  no  freedom  is  available  to  choose  designs  with  differ¬ 
ent  characteristics. 

We  can  estimate  by  assuming  a  periodic  multi¬ 
layer  which  is  close  to  the  quarter  wave  stack.  All  bounda¬ 
ries  add  in  phase  to  the  reflected  wave  and  neglecting  multi¬ 
ple  reflections  and  considering  that  we  have  2  boundaries 
per  period  we  estimate  the  total  reflected  amplitude  of  the 
multilayer  to  be  •  2 1  r  | .  The  condition  that  this  value 
is  close  to  one  gives 


N 


min 


1/2. |r|. 


(5) 


Fig.3  The  minimum  number  of  periods  required  to 
obtain  a  reflectivity  close  to  1 ,  if  propagation  loss¬ 
es  due  to  absorption  are  neglected  and  the  maxi¬ 
mum  number  of  periods  permitted  due  to 
absorption  in  the  carbon  spacer  layer  for  a  Au/C 
multilayer  system  as  a  function  of  wavelength.  In 
those  regions  where  reflectivities  can 

approach  I  and  coating  designs  can  be  optimized 
for  different  applications. 


2  2 
cos  a  ^  sin  $ 

2vk  “  2irk 


(7) 


using  normal  incidence  and  the  absorption  index  k  of  car¬ 
bon.  N  is  obtained  for  the  design  limit  in  Fig. lb,  where 
the  multilayer  consists  mostly  of  the  spacer  material  and  the 
absorption  in  the  heavier  material  is  reduced  by  the  stand¬ 
ing  wave  field. 

The  spectral  bandwidth  or  resolution  of  a  multilayer 
coating  is  determined  by  the  total  number  of  periods  N 
contributing  in  phase  to  the  reflectivity; 

^  a  N  .  (8) 


where  r  is  the  amplitude  reflection  coefficient  at  the  bound¬ 
ary  of  the  two  coating  matrials,  which  can  be  calculated 
from  Fresnels  equations  Q).  Fqf  normal  incidence  and 
under  the  assumption  that  Uj  and  ttj  are  close  to  1  we  can 
approximate 
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min 


An* 


+  Ak' 
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where  An  and  Ak  are  the  differences  in  the  optical  constants 
of  the  coating  materials.  The  full  curve  in  Fig.3  give 
as  a  function  r'  wavelength  calculated  for  the  optical  con¬ 
stants  of  carb'  nd  Au  from  Ref.3.  Also  plotted  in  Fig.3 
is  the  value  of 


The  maximum  possible  resolution  is  and  Fig.3  shows 
that  its  value  increases  towards  shorter  wavelengths  from 
20  to  over  200  for  wavelengths  decreasing  from  130A  to 
4SA.  In  the  wavelength  region  A  »  30  -  44A  (for  energies 
above  the  absorption  edge  of  carbon)  is  much  smaller 
than  N  and  coatings  with  carbon  spacer  layers  have  only 
poor  reflectivities.  For  wavelengths  below  30A  the  possible 
best  resolution  increases  fast  with  diseasing  wavelength 
reaching  values  over  1000  for  A  <  lOA,  while  the  maximum 
possible  reflectivity  approaches  100%.  Coatings  with  the 
largest  bandwidth  and  integrated  reflectivity  are  obtained 
for  designs  that  require  close  to  layers.  and  N 
decrease  at  oblique  angles  of  incidence,  and  near  grazing 
incidence  can  reach  values  close  to  I  (see  Fig.2).  The 
entire  theoretically  possible  range  in  resolution  of  a  multi- 
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layer  is  therefore  between  a  value  close  to  I  and  the  value 

where  the  largest  bandwidth  is  possible  near  grazing, 
the  highest  resolution  near  normal  incidence. 

V.  MULTILAYER  DESIGNS 

The  simplest  multilayer  designs  are  periodic  struc¬ 
tures,  for  given  optical  constants  they  contain  only  two 
parameters:  the  thickness  ratio  of  the  two  materials  within 
one  period  and  the  total  number  of  periods.  Figure  4  gives 
the  peak  reflectivity  of  a  256  period  coating  designed  for  an 
incidence  angle  a  •  45°  and  a  wavelength  X  =  50.8 A  as  a 
function  of  the  normalized  thickness  of  the  heavy  material. 
(The  optical  constants  are  those  of  C  and  Au  from  Ref.3) 
The  peak  reflectivity  has  a  maximum  for  a  normalized 
thickness  of  the  Au  of  0.22  of  the  period  length,  which 
corresponds  to  7.3A  of  gold  and  28.65A  of  carbon.  The 
Curve  a  in  Fig.5  gives  the  reflectivity  versus  wavelength 
curve  for  this  design  and  also  the  values  for  the  spectral 
resolution  and  integrated  reflectivity.  Larger  integrated 
reflectivity  and  less  penetration  into  the  multilayer  can  be 
obtained  with  thicker  gold  films  (Curve  b  in  Fig.5)  while  a 
higher  resolution  is  obtained  with  thinner  gold  films  allow¬ 
ing  deeper  penetration  (Curve  c).  The  low  resolution  of  62 
for  Curve  b  indicates  that  only  the  top  62  periods  of  the 
multilayer  contribute  to  the  reflectivity.  Therefore,  essen¬ 
tially  the  same  reflectivity  curve  can  be  obtained  with  much 
fewer  periods  (for  example,  64)  using  the  corresponding 
optimum  thickness  ratio. 

The  reflectivity  versus  wavelength  curve  of  periodic 
structures  approaches  a  Lorentzian  for  large  numbers  of 
layers.  Other  lineshapes  can  be  obtained  if  the  thickness 
ratio  between  the  two  materials  changes  throughout  the 
depth  of  the  film.  Because  the  reflectivity  of  each  film  in 
the  multilayer  is  a  function  of  its  thickness  (approaching 
zero  for  zero  thickness)  one  can  adjust  the  relative  weight 
of  the  contribution  of  each  period  to  the  total  reflectivity; 
for  example,  a  Gaussian  reflectivity  curve  can  be  generated 
by  creating  a  Gaussian  as  the  weight  with  which  the  differ¬ 
ent  periods  (starting  from  the  top)  contribute  to  the  reflec¬ 
tivity. 

A  non-periodic  structure  with  constant  period  length 
is  also  obtained  if  one  asks  for  the  structure  which  gives  the 
highest  peak  reflectivity  with  the  fewest  number  of  layers. 
The  result  is  a  structure  which  is  close  to  the  quarter  wave 
stack  (equal  thickness  of  both  materials)  at  the  bottom  and 
closer  to  the  Bragg  crystal  at  the  top.  For  wavelengthsA  < 
lOoA  and  large  numbers  of  layers,  the  reflectivity  curve 
does  not  differ  significantly  from  that  of  the  optimized 
periodic  design;  aperiodic  designs  are  more  important  for 
longer  wavelengths  and  fewer  periods  (14,15). 


Fig.4  Peak  reflectivity  R^  of  a  multilayer  with  256  peri¬ 
ods  versus  the  thickness  of  the  heavy  element. 
The  coating  is  optimized  for  an  angle  of  incidence 
a  m  45*  and  wavelength  A  -  SO.sA,  the  thickness 
is  normalized  to  the  period  length  of  35.95A. 


WAVELENGTH  (A) 


Fig.5  Reflectivity  versus  wavelength  for  multilayer  coat¬ 
ings  with  256  periods  optimized  for  highest  peak 
reflectivity  (a)  and  for  a  larger  (b)  and  smaller  (c) 
bandwidth. 


Fig.6  Peak  reflectivity  R^,,  and  integrated  reflectivity 
R  A6/0  for  multilayer  system,  where  the  peri¬ 
od  lengths  varies  throughout  the  thickness  versus 
the  relative  bandwidth.  The  smallest  bandwidth  in 
the  plot  corresponds  to  the  periodic  system.  De¬ 
signs  are  found  by  trial  and  error. 


In  those  wavelength  regions  where  >>  N„  it  is 
possible  to  design  coatings  with  a  relative  bandwidth  """ 
dA/A  >  1/N„.„  by  changing  the  base  period  of  the  multi¬ 
layer  throughout  the  thickness  of  the  coating  (16).  Figure 
6  shows  as  an  example,  how  the  relative  bandwidth  and  the 
integrated  reflectivity  can  be  incrased  by  this  method.  The 
goal  was  to  increase  the  integrated  reflectivity  for  a  grazing 
incidence  x-ray  telescope  (17);  the  period  length  decreases 
from  the  bottom  to  the  top  of  the  multilayer  and  the  details 
of  the  design  have  been  obtained  by  trial  and  error. 
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Fig.7  A  blazed  reflection  grating  overcoated  with  a 
multilayer  extends  the  range  grating  monochroma¬ 
tors  towards  shorter  wavelengths  but  requires  high 
tolerances  for  the  grating  profile. 


Fig.8  Vacuum  evaporator  with  in  situ  monitoring  of  the 
soft  x-ray  reflectivity.  Targets  of  B,  BN  or  C  are 
used  in  the  source  giving  x-ray  wavelengths  of 
31.6,  44.7,  or  67.6A. 


The  spectral  resolution  of  a  multilayer  can  be  extend¬ 
ed  beyond  the  limit  posed  by  (Eq.7)  if  steps  are  cut 
into  the  multilayer  which  permit  the  radiation  to  reach 
deeper  periods  (Fig.7).  The  structure  can  be  realized  by 
overcoating  a  blazed  diffraction  grating  with  a  multilayer 
such  that  the  blaze  condition  and  the  Bragg  condition  are 
fulfilled  simultaneously.  The  process  requires  tighter  toler¬ 
ances  on  the  smoothness  and  step  uniformity  of  the  grating 
than  are  standard  and  has  not  been  tested  up  to  now. 

VI.  MULTILAYER  DEPOSITION  SYSTEM 

Fig.8  is  a  sketch  of  our  vacuum  deposition  system 
used  for  the  multilayer  deposition.  An  important  feature  of 
the  system  is  the  soft  x-ray  reflectometer  which  allows  one 
to  monitor  the  reflectivity  of  a  multilayer  during  deposition. 
The  interference  maxima  and  minima  observed  during  the 
deposition  give  an  accurate  measure  of  the  thickness  and 
can  be  used  to  eliminate  the  influence  of  any  drifts  in  the 
calibration  of  the  quartz  microbalance.  A  main  feature  of 
this  monitoring  system  is  that  thickness  errors  are  not  accu¬ 
mulating,  the  maximum  accumulated  thickness  error  is  al¬ 
ways  a  small  fraction  of  one  period  in  the  multilayer.  We 
use  targets  of  carbon  or  BN  in  the  x-ray  source,  giving 
characteristic  x-ray  wavelengths  of  31.6,  44.7  or  67. 6A. 
The  largest  reflected  signal  is  obtained  with  X  •  44.7A, 
however,  this  wavelength  is  not  very  suitable  for  the  moni¬ 
toring  of  a  multilayer  that  contains  a  carbon  spacer  layer, 
because  the  reflectivity  changes  only  very  little  during  the 
carbon  deposition  for  this  wavelength.  The  smallest  signal 
is  obtained  for  X  -  31.6A;  however,  for  this  wavelength  a 
usable  fringe  contrast  is  obtained  and  Fig.9  shows  the  actu¬ 
al  monitor  signal  obtained  during  the  deposition  of  the  first 
2  7  layers  of  a  120  layer  coating  desiued  for  maximum 
normal  incidence  reflectivity  at  X  >  67.6A. 

VII.  COATING  MATERIALS 

For  the  widest  possible  design  choices  N^,„  should  be 
as  small  and  N  as  large  as  possible.  Therefore,  two  ma¬ 
terials  should  be  selected  with  the  largest  possible  differ- 
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Fig.9  Monitor  signal  (X  -  31.6A,  a  -  62°)  obtained 
during  the  deposition  of  the  first  27  layers  of  the 
120-layer  coating  designed  for  maximum  reflectivi¬ 
ty  at  X  •  67. 6 A  and  normal  incidence  versus  accu¬ 
mulated  deposition  time.  Filters  and  windows  of 
SLN.  (1500A  thick)  are  used  to  suppress  the  X  — 
67.6A  line  from  the  BN  target  in  the  x  ray  source. 


ence  in  n  (see  Eq.6)  and  the  spacer  material  should  have 
the  smallest  possible  absorption  (Eq.7).  In  general,  this 
requires  one  to  combine  a  light  material  (Be,  B,  C)  with  a 
heavy  material  (Ta  to  Au).  The  boundaries  between  the 
layer  should  be  abrupt,  smooth,  and  stable.  Carbon  has 
been  shown  to  form  stable  boundaries  with  practially  all 
heavy  metals  (18)  and  is,  therefore,  the  first  choice  for  a 
spacer  material.  The  change  in  the  roughness  of  a  film 
surface  can  be  estimated  from  its  reflectivity  obtained  dur¬ 
ing  film  deposition.  Figure  10  shows  the  measured  reflected 
amplitude  yiT  (circles)  for  a  film  of  AuPd.  The  teoretical 
curve  obtained  from  Eq.l  is  a  damped  oscillation  around 
I  r,  1 ,  the  reflected  amplitude  of  the  top  surface.  In  order 
to  explain  that  the  average  between  the  envelopes  through 
the  maxima  and  minima  decreases  with  increasing  thickness, 
we  assume  that  |  r,  |  decreases  and  that  the  decrease  is  due 
to  an  increase  in  roughness.  By  multiplying  r,  in  Eq.l  with 
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Eq.4,  we  can  fit  the  measured  curve  to  the  theory  with  a  as 
a  fitting  parameter.  Figure  10  (full  curve)  shows  the  theo¬ 
retical  curve  together  with  the  values  for  a  obtained.  Table 
I  gives  a  listing  of  the  roughness  values  obtained  by  this 
method  for  a  variety  of  promising  coating  materials.  The 
results  are  in  qualitative  agreement  with  electron  micro¬ 
graphs  (19)  and  with  in  siu  measurements  of  the  film  con¬ 
ductivity.  The  table  shows  that  boron  and  carbon  are  suita¬ 
ble  low  absorption  spacer  materials,  while  LiF  which  has 
|ow  absorption  in  the  X  >  18  -  4sA  range  is  useless  due  to 
its  roughness.  Of  the  heavy  elements,  W  and  Pt  produce 
the  smoothest  surfaces;  however,  Pt  requires  high  depos¬ 
ition  rates  above  2A/sec  for  the  smoothest  surfaces  (20). 
Gold  films  can  be  made  much  smoother  by  adding  Pd.  The 
smoothest  films  are  obtained  with  amorphous  ReW  films; 
while  all  other  heavy  metals  show  always  an  increase  of 
roughness  with  increasing  thickness,  the  ReW  films  show 
sometimes  no  roughness  increase  (on  smooth  Si  wafers)  or 
even  a  smoothing  effect  (on  rotating  float  glass  substrates!. 


Fig.  10  Measured  reflected  amplitude  (V^)  obtained, 

during  the  deposition  of  a  AuPd  film  on  a  silicon 
substrate  for  X  *  44.7A  and  am  64*  (circles)  and 
theoretical  curve  (full  curve)  obtained  under  the 
assumption  that  the  surface  roughness  of  the  top 
surface  is  represented  by  the  dashed  curve. 


TABLE  I 

Increase  in  the  surface  roughness  a  of  the  top  surface 
of  various  100 A  thick  evaporated  films  measured  during  the 
deposition  by  the  method  of  Fig.  10.  Negative  values  indicate 
smoothing. 


iterial 

substrate 

rouglmess 

u(A) 

B 

ReW 

~l 

C 

ReW 

0 

LiF 

ReW 

17 

Ta 

Si 

5.2 

W 

Si 

3 

Re 

Si 

5.2 

Os 

Si 

5.3 

Ir 

Si 

4.2 

Pt 

Si,  float  glass 

2.8  to  6 

Au 

Si 

8 

AuPd 

Si 

3.3 

Ptir 

Si 

7 

ReW 

Si 

0  to  2.5 

ReW 

float  glass 

-3  to  +2 

Vlll.  MULTILAYER  PERFORMANCE 

We  have  fabricated  and  tested  multilayers  made  of  the 
following  material  combinations:  AuPd-B,  ReW-B,  AuPd-C, 
Pt-C  and  ReW-C.  The  interfaces  of  the  AuPd-B  system 
become  rough  or  gradual  already  during  the  deposition;  all 
other  material  combinations  form  stable  usable  multilayer 
systems.  The  performance  of  the  multilayers  is  summarized 
in  Table  II.  The  AuPd-C  system  gives  the  highest  reflectiv¬ 
ity  for  X  >  80A,  while  the  ReW-C  has  the  best  performance 
at  shorter  wavelengths  (21).  The  peak  reflectivities  of  the 
ReW-B  multilayers  are  smaller  than  those  of  comparable 
ReW-C  systems.  At  X  »  44. 7 A  and  X  =  1.S4A  and  multi¬ 
layer  periods  around  SOA  the  performances  of  the  Pt-C  and 
the  ReW-C  system  are  comparable. 

A  quantitative  comparison  of  the  measured  perform¬ 
ance  with  theory  is  difficult  for  soft  x-rays  due  to  the  un¬ 
certainties  of  the  published  optical  constants.  The  optical 
constants  of  Ref. 3  give  a  much  higher  reflectivity  for  a 
single  boundary  than  has  ever  been  measured  (22)  and 
optical  constants  obtained  from  reflectivity  data  are  not 
available  for  soft  x-rays.  Theory  and  experiment  are  in 
agreement  in  the  increase  of  the  reflectivity  of  a  multilayer 
over  that  of  a  single  film.  The  peak  normal  incidence  re¬ 
flectivity  obtained  is  around  R  =  10%  in  tl^  X  =  4S-200A 
wavelength  range. 

Quantitative  agreement  between  experimental  and 
theoretical  performance  is  obtained  for  X  »  I.S4A  and 
grazing  incidence.  Measured  peak  reflectivities  are  above 
60%  for  periods  larger  than  3oA.  For  shorter  periods  the 
peak  reflectivity  drops  and  one  can  describe  this  drop  with 
Eq.4  using  values  for  o  between  2.S  and  4A  as  fitting  par¬ 
ameter. 

The  halfwidth  or  spectral  resolution  is  in  agreement 
with  theory  at  all  wavelengths;  however,  no  attempts  have 
been  made  up  to  now  to  fabricate  multilayers  with  resolu¬ 
tions  above  100. 


IV.  CONCLUSIONS 

Multilayer  structures  made  by  evaporation  can  con¬ 
tain  in  principle  any  thickness  thus  allowing  the  fabrication 
of  a  large  variety  of  structures  which  might  be  periodic  or 
non-periodic.  Therefore,  coatings  can  be  designed  and 
fabricated  which  are  optimized  for  different  purposes,  for 
example,  to  give  the  highest  integrated  reflectivity,  the 
highest  spectral  resolution,  or  which  approach  a  specific 
reflectivity  versus  wavelength  curve.  The  highest  possible 
resolution  is  limited  by  the  absorption  in  the  spacer  layer 

and  has  the  value  N^^,,  «  l/2irk  for  normal  incidence, 
where  k  is  the  absorption  index  of  the  spacer  layer.  For 
sapcer  layers  of  carbon  N,^,,  increases  from  N^,,  «  20  to 
wavelengths  decreasing  from  X  -  100  to  X 
»  45A.  For  a  wavelength  below  X  k  2oA,  N  increases 
rapidly  (about  as  1/X’)  with  decreasing  wavelength.  The 
highest  possible  bandwidth  or  integrated  reflectivity  is  ob¬ 
tained  for  the  smallest  number  of  periods  N  in  a  multilay¬ 
er  which  still  produces  substantial  peak  reflectivity.  N^j^  is 
determined  by  the  Fresnel  coefficient  at  each  boundary  and 
approaches  a  value  close  to  I  for  very  shallow  grazing  an¬ 
gles.  Therefore,  if  the  angle  of  incidence  is  used  as  a  free 
design  parameter,  multilayers  can  be  designed  for  any  rela¬ 
tive  bandwidth  from  values  close  to  I  to  values  as  small  as 

In  wavelength  regions  where  N  >>  N„j„,  peak 
reflectivities  R^,,  close  to  1  can  be  obtained;  for  values  of 
the  optical  constants  which  yield  N^j„  >>  ,  we  can 

only  obtain  peak  reflectivities  R  <<  1.  For*  multilayer 
systems  of  carbon  and  a  heavy  %ment  peak  reflectivities 
are  above  10%  for  wavelenghts  between  45 A  and  20oA, 
have  very  small  values  (about  1%)  in  the  X  -  30-44A 
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TABLE  II 


Measured  properties  of  various  multilayer  mirror  coatings.  N  is  the  number  of  layers,  the 
maximum  reflectivity  measured  at  wavelength  X  ,  AX  the  halfwidth  of  the  reflectivity  versus  wave¬ 
length  curve,  and  a  the  angle  of  incidence  ("unp*  stands  for  unpolarized). 


System 

Substrate 

N 

"XITaT- 

a(") 

1)  AuPd-C,  49%  Au 

glass 

6.5 

132.5 

14.3 

14 

10“ 

2)  AuPd-C,  49%Au 

glass 

13.5 

130 

15.8 

.  >5 

10“ 

13.5 

103 

22 

14 

50“,s 

3)  AuPd-C,  54%  Au 

Si 

27.5 

132 

16 

24 

10“ 

27.5 

102 

10.5 

40“,s 

27.5 

104 

1.1 

40“,p 

4)  ReW-C/B,  68%Re 

glass 

29.5 

133 

4.9 

10“ 

5)  ReW-B 

Si 

56.5 

67.6 

2.1 

23 

52“  unp 

56.5 

23.6 

1.1 

28 

68.5“  unp 

56.5 

14.6 

2.3 

28 

76.9“  unp 

56.5 

1.54 

75 

21 

90“-0.9“  unp 

6)  ReW-C 

Si 

62.5 

1.54 

65 

43 

90“-1.25“  unp 

62.5 

44.8 

6.3 

72 

44“  unp 

7)  ReW-C 

Si 

97.5 

1.54 

52 

57 

90“-1.6“  unp 

97.5 

44.8 

2.8 

73 

37“  unp 

8)  ReW-C 

glass 

39 

1.54 

57.5 

35 

90“-1.26“  unp 

9)  ReW-C 

glass 

39 

1.54 

21.5 

4.3 

90“-1.05“  unp 

39 

44.8 

1.25 

11 

59“ 

region,  and  increase  to  values  close  to  100%  with  decreas¬ 
ing  wavelength  for  X  <  2oA. 

For  highest  peak  reflectivity,  abrupt,  smooth  inter¬ 
faces  between  layers  are  required.  Of  all  material  combina¬ 
tions  explored,  the  ReW-C  system  produces  the  sharpest 
boundaries.  Multilayers  of  ReW-C  show  theoretical  per¬ 
formance  for  multilayer  periods  larger  than  30A;  for  smaller 
periods,  the  peak  reflectivity  is  reduced  and  the  observa¬ 
tions  can  be  described  by  Eq.8,  with  a  roughness  value  a  S 
3A. 

We  control  the  thickness  of  the  multilayer  films  by 
monitoring  the  reflectivity  of  a  characteristic  x-ray  line  (X 
=  31.6,  44.7,  or  67. bA)  in  sim  during  the  deposition  and 
observing  the  interference  effects  between  the  top  surface 
and  the  underlying  multilayer.  We  have  fabricated  multi¬ 
layers  with  up  to  200  layers  (100  periods)  by  this  method; 
the  observed  resolution  was  in  all  cases  in  agreement  with 
theory. 
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ABSTRACT 

The  opportunities  offered  by  engineered  synthetic  nultilayer  dispersion  elements  for  x-rays  have  been  recog¬ 
nized  since  the  earliest  days  of  x-ray  diffraction  analysis.  In  this  paper,  application  of  sputter  deposition 
technology  to  the  synthesis  of  Layered  Synthetic  Microstructure  (LSM's)  of  sufficient  quality  for  use  as  x-ray 
dispersion  elements  is  discussed.  It  will  be  shown  that  high  efficiency,  controllable  bandwidth  dispersion  ele¬ 
ments,  with  d  spaclngs  varying  from  IS  A  to  180  A,  may  be  synthesized  onto  both  mechanically  stiff  and  flexible 
substrates.  Multilayer  component  materials  Include  tungsten,  niobium,  molybdenum,  titanium,  vanadium,  and  silicon 
layers  separated  by  carbon  layers. 

Experimental  observations  of  peak  reflectivity  In  first  order,  integrated  reflectivity  In  first  order,  and 
diffraction  performance  at  selected  photon  energies  In  the  range,  100  to  15000  eV,  will  be  reported  and  compared 
to  theory.  Emphasis  is  placed  on  results  giving  information  concerning  limiting  structural  characteristics  of 
these  LSM's.  It  will  be  shown  that  the  observed  behavior  Is  In  accord  with  theory,  both  kinematic  and  dynamic 
regimes  being  clearly  observed.  In  addition,  the  mosaic  spread  of  these  LSM's  Is  not  detectable.  Indicating  that 
they  are  perfect  structures.  A  consistent  explanation  of  these  experimental  results  Indicates  that  roughness  at 
the  Interfaces  between  constituent  layers  Is  the  structural  characteristic  currently  limiting  diffracting  behav¬ 
ior. 

I.  INTRODUCTION  lators  caused  by  radiation  heating  from  the  electron- 

beam  thermal  sources.  This  has  been  corrected  by  using 
Early  in  the  development  of  the  field  of  x-ray  an  x-ray  Interference  monitoring  technique,  allowing 

diffraction,  it  was  proposed  that  synthetic  man-made  continuous  determination  of  the  individual  layer  thick- 

materials  consisting  of  alternating  layers  of  high  nesses  during  deposition  and  considerable  improvement 

atomic  number  and  low  atomic  number  elements  would  be  has  been  achieved  with  this  process  control  modiflca- 

useful  as  dispersion  elements  for  x-rays.  Such  struc-  tion.  In  addition,  the  effect  of  substrate  character 
tures,  termed  layered  synthetic  microstructures  (LSM)  has  been  explored  with  Inherently  smooth  substrates 

in  this  paper,  were  the  subject  of  several  Inveattga-  being  demonstrated  as  clearly  optimum, 
tions.  The  primary  difficulties  encountered  in  this  Work  at  Stanford  by  the  author  (13-15)  Initiated 

early  work  were  technological,  being  associated  with  In  early  1976  (under  NSF/MRL  sponsorship  through  its 

the  synthesis  process  and  materials  selection.  In  this  Center  for  Materials  Research)  was  on  the  development 

section,  a  short  summary  of  these  efforts  will  be  pre-  of  a  technique  for  the  synthesis  of  LSM  materials  using 

sented  with  emphasis  on  delineation  of  generic  limlta-  sputtering  technology.  In  the  fall  of  1978,  it  was 

tions  and  the  structure  of  this  paper  outlined.  clear  that  high  efficiency  x-ray  dispersion  elements 

Earliest  efforts  (1,2)  to  form  synthetic  struc-  for  Cu  radiation  has  been  synthesized  with  a  period 
tures  were  unsuccessful,  the  first  successful  work  of  ~20  A.  These  samples  were  characterized  by  Mr.  L. 

being  that  of  Dumond  and  Youtz  (3)  who  vacuum  deposited  Koppel  of  Lawrence  Livermore  National  Laboratory  (LLNL) 

copper/gold  LSM's  with  a  characteristic  period  of  over  the  energy  range  4.5  to  11.5  keV  using  standard 

approximately  100  A.  Strong  dispersing  power  for  Mo  Kd  powder  dif fractrometry  and  a  high-resolution  of  Si  (Li) 

radiation  was  observed  but  decayed,  due  to  the  energy  dispersive  detector.  This  result  represented  an 

interdlf fusion  of  the  components,  in  approximately  one  existence  experiment  and  indicated  that  substantial 

week.  More  recently,  Dlnklage  and  Frerlcks  (4)  and  research  into  the  reproducibility  and  general  breadth 

Dlnklage  (5)  prepared  layers  structures  of  lead/mag-  of  periods  and  constituent  materials  should  be 

neslum,  gold/magnesium,  and  Iron/magneslum.  The  lead,  undertaken. 

gold/i  gneslum  systems  exhibited  instability  due  to  In  addition  to  work  specifically  oriented  toward 

reaction  or  diffusion  in  a  manner  similar  to  copper/-  LSM  dispersion  elements  for  x-rays,  other  investigators 

gold.  Iron/magnesium,  on  the  other  hand,  eidiiblted  have  been  pursuing  the  application  of  such  materials  as 

stability  projected  to  be  longer  than  one  year.  In  neutron  dispersion  elements.  Saxena  and  Schoenborn 

addition,  the  Fe/Mg-LSM  showed  many  orders  of  reflec-  (16),  have  Investigated  manganese/germanium  struc- 

tlon  in  diffraction  scans  and  exhibited  diffracting  tures.  Synthesis  process  control  difficulties  resulted 

behavior  comparable  to  ADP  and  lead  stearate.  In  substantial  imperfection  in  their  materials,  though 

Since  then,  a  substantial  effort  to  synthesize  high  reflect Ivltes  were  achieved.  These  investigators 

normal  incidence  mirrors  for  soft  x-rays  has  been  un-  also  developed  an  analytical  approach  based  on 

dertaken  by  Spiller  (6-12)  and  his  associates.  Their  scattering  theory  allowing  closed-form  description  of 

work  has  been  primarily  with  radiation  having  wave-  the  intensities  diffracted  in  both  the  kinematic  and 

lengths  longer  than  100  A,  though  characterization  has  dynamic  regimes.  Ignoring  absorption  effects.  In 

been  made  using  Cu  (1.5418  A)  radiation.  Analytical  summary,  the  work  on  neutron  dispersion  elements  has 

procedures  have  also  been  developed  that  are  based  on  been  consistent  with  the  experience  of  others  and 

optical  dispersion  theory  that  allow  description  of  the  yielded  devices  of  Interest  to  this  community, 

expected  behavior  of  LSMs.  Semlquantitatlve  comparison  It  Is  also  Important  to  mention  the  ongoing  re- 

has  been  made  with  results  obtained  using  Cu  search  on  semiconducting  materials  and  on  metal/metal 

radiation  and  reasonable  agreement  attained.  Partlcu-  LSMs.  Molecular  beam  epitaxy  (HBE)  (17-21)  is  the  term 

lar  emphasis  in  this  work  has  revolved  about  Improving  usually  used  to  describe  these  processes  which  are 

the  interface  roughness  between  constituent  layers  of  being  utilized  in  many  laboratories  in  the  world, 

the  LSMs.  It  has  been  demonstrated  that  inclusion  of  a  Highly  perfect  LSMs  have  unique  properties  and  possible 

correction  factor  for  such  roughness  significantly  significant  applications.  In  raetal/metal  systems,  the 

improves  the  agreement  between  calculations  and  results  are  somewhat  less  well  defined  (21-25)  as  the 

experiment.  field  is  significantly  less  mature  and  the  variation  in 

The  synthesis  procedure  initially  used  by  Spiller  material  properties  definitely  much  broader  than  exhib- 
was  thermal  evaporation  controlled  by  quartz  crystal  Ited  by  semiconductor  materials.  Again,  many  of  the 

oscillators.  Difficulties  with  layer  thickness  control  problfems  already  described  in  the  discussion  of  dlsper- 

were  encountered  due  to  thermal  drift  of  the  oecll-  slon  element  work  have  been  encountered  in  this  work 
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and  engineering  solutions  achieved.  At  this  tlae,  sig¬ 
nificant  advances  In  this  field  will  be  forthconlng  as 
a  better  understanding  of  material  effects  Is  gained. 

In  summary,  significant  effort  In  a  limited  number 
of  laboratories  has  been  placed  on  the  synthesis  of 
LSMs  with  characterization  by  a  variety  of  means  Imple¬ 
mented.  Primary  difficulties  have  been  encountered 
with  respect  to  process  control,  substrate  character, 
and  choice  of  constituent  materials.  These  problems 
are  now  under  serious  Investigation  and  will  be 
considered  more  fully  In  the  following  presentation. 

In  the  following,  a  short  review  of  the  theory  of 
the  diffracting  behavior  of  ISM  dispersion  elements 
pertinent  to  this  paper  will  be  presented  first.  The 
sputter  deposition  synthesis  process  will  then  be 
reviewed.  Experimental  results  obtained  using 
tungsten/ carbon  (W/C),  vanadium/carbon  (V/C)  and 
tltanlum/carbon  (Tl/C)  LSH's  arc  then  considered.  Two 
applications  of  these  LSM  dispersion  elements  as 
spectroscopic  devices  are  then  presented.  The  paper  Is 
then  be  summarized  and  recommendations  as  to  further 
research  discussed. 

II.  MODELING  AND  THEORY 

Modeling  of  the  diffracting  behavior  of  LSMs  takes 
many  approaches  all  of  which  are  discussed  In  other 
papers  In  this  Conference  Proceedings.  The  discussion 
Included  here  Is  specific  to  the  data  presented  In  the 
following  sections  and  Is  not  Intended  to  be  more  than 
a  summary. 

The  x-rays  dispersion  behavior  of  LSMs  can  be  mod¬ 
eled  from  two  viewpoints.  One  corresponds  to  the  ap¬ 
proach  taken  In  the  analysis  of  x-rays  diffraction  from 
crystal-scattering  theory.  The  other  follows  directly 
from  optical  dispersion  theory  as  applied  to  various 
types  of  Interference  structures.  In  this  section, 
these  two  treatments  are  separately  considered  with 
reference  to  the  work  of  Saxena  and  Schoenborn  (15)  and 
of  Splller  (12)  (optical  dispersion  theory),  and  of 
Underwood  and  Barbee  (26,  27). 

A  LSM  Is  made  up  of  two  materials,  A  and  B, 
arranged  alternately  In  layers  of  thickness  dj^  and  ds, 
respectively.  The  structure  Is  thus  periodic  In  the 
direction  perpendicular  to  the  planes,  with  a  period  d 
”  df^  +  dg.  x-rays  of  wavelength  X,  Incident  at  a 
glancing  angle  0  on  the  planes,  will  be  scattered  by 
each  layer  of  atoms.  At  the  Bragg  angles  0^^,  given  by 
the  relation 

nX  “  2d  sin  (1) 

the  scattered  waves  will  add  In  phase  and  the  total 
scattered  amplitude  will  reach  a  maximum.  The  positive 
Integer  n  represents  the  order  of  the  Bragg  "reflec¬ 
tion.  " 

Computation  of  the  Intensities  of  the  Bragg  re¬ 
flections  for  an  LSM  requires  the  solution  of  Maxwell's 
equations  In  a  material  having  a  periodically  varying 
dielectric  constant.  The  problem  Is  exactly  analogous 
to  the  computation  of  Bragg  reflection  Intensities  from 
natural  crystals,  and  either  of  two  theoretical  ap¬ 
proaches  may  be  adopted.  In  the  klnematlcal  theory, 
the  scattering  from  each  volume  element  Is  treated  as 
being  Independent  of  that  from  the  other  volume  ele¬ 
ments.  This  theory  neglects  the  details  of  the  wave 
Interactions  within  the  structure.  In  particular  the 
progressive  reduction  In  amplitude  of  the  forward  wave 
as  It  travels  Into  the  structure  and  Is  partially  re¬ 
flected  by  successive  planes  (extinction).  In  the 
dynamical  theory,  all  wave  Interactions  are  taken  Into 
account.  The  dynamical  theory  Is  customarily  used  In 
the  study  of  the  x-rays  diffraction  from  large  perfect 
crystals,  while  the  klnematlcal  theory  Is  more  appro¬ 
priate  to  the  study  of  thin  crystals  or  "mosaic"  cry¬ 
stals  which  can  be  thought  of  as  being  composed  of 
large  numbers  of  small  crystallites  whose  orientations 
differ  slightly.  In  a  random  fashion,  from  the  mean  of 
the  crystalline  planes  examined. 

The  LSMs  are  essentially  "perfect"  from  a  crystal¬ 
lographic  point  of  view.  Although  the  fabrication  pro¬ 


cess  may  Introduce  variation  In  layer  thickness,  these 
errors  are  not  equivalent  to  the  mosalclty  of  a  natural 
crystal.  It  Is,  therefore,  more  appropriate  to  use  a 
dynamical  theory  to  compute  their  properties  ,  although 
a  klnematlcal  approximation  suffices  If  an  LSM  Is  of 
low  diffracting  po%<er. 

A.  Scattering  Theory 

It  has  been  shown  by  Saxena  and  Schoenborn  (16) 
that  the  diffracting  power  of  an  LSM,  from  scattering 
theory,  with  d.  ~  dg  and  sharp  Interfaces  between 
layers  Is  given  oy: 

0  X  n 

In  the  kinematic  approximation  where  N  Is  the  number  of 
planes,  d  the  period,  n  the  order  of  the  Bragg  reflec¬ 
tion,  and  f^  and  fg  the  atomic  form  factors  for  the 
layers  A  and  B.  In  the  dynamic  range  this  becomes: 

■  tanh^A  (3) 

^0 


where  *  ”  ^  ^^a”^B^  ‘  Note  that  the  diffracted 

Intensity  Is  proportional  to  N^d^  In  the  kinematic 
range. 

Also,  In  the  kinematic  regime  the  peak  width  of 
the  Bragg  peaks  Is  defined  by  the  number  of  reflecting 
planes  In  a  manner  directly  analogous  to  the  line  width 
dependence  on  the  number  of  grooves  In  an  optical  grat¬ 
ing.  Analyses  of  this  diffraction  effect  for  struc¬ 
tures  such  as  represented  by  LSMs  (28)  yields  the  rela¬ 
tionship  (Scherrer  equation)  between  full  width  at  half 
maximum  for  a  Bragg  peak,  A2@|^2>  crystal 

thickness  D  •  Nd  given  as 

0.888X  ,,, 

*^®l/2  *  NdCosO 

n 

where  Qj,  Is  the  Bragg  angle  of  the  n*"  order  reflec¬ 
tion.  Note  that  dynamic  calculations  yield  A23]^2 
value  In  agreement  with  this  relationship  In  the  kine¬ 
matic  regime. 


Dynamical  Optical  Dispersion  Theory 
Including  Absorption  (DODT) 


When  the  Incoherent  absorption  In  the  layer  mate¬ 
rial  Is  taken  Into  account,  the  dynamic  theory  becomes 
difficult  to  treat  analytically.  It  Is  therefore  bet¬ 
ter  to  adopt  a  computational  approach.  The  approach 
adopted  Is  analogous  to  those  used  In  the  computation 
of  properties  of  multilayer  dielectric  filters  for  the 
optical  region  of  the  spectrum.  The  layer  material  Is 
characterized  by  a  complex  Index  of  refraction 

p  -  1  -  6  -  18  .  (5) 

6,  the  real  part  of  the  refractive  Index,  p.  Is  related 
to  f 

6  -  N[(fo+Af')^  +  (6) 

where  N  Is  the  atomic  concentration,  r  the  classical 
radius  of  electron,  fQ  the  atomic  form  factor  and  Af, 
Af"  the  anomalous  dispersion  coefficients  while  8  Is 
related  to  the  linear  absorption  coefficient  p^  of  the 
material  by  . 

The  method  used  Is  based  on  a  treatment  of  x-ray 
Interference  by  a  few  contaminant  layers  on  the  surface 
of  a  glancing  Incidence  x-ray  mirror.  However, 
approximations  mad  by  considering  6,  6,  and  8  to  be 
small  and,  furthermore,  considering  only  the  a 
component  of  polarization  limit  this  theory  and 
modifications  are  required  to  treat  more  general 
cases.  The  theory,  together  with  the  required  modifi¬ 
cations,  Is  given  In  the  article  In  this  volume  by 
Underwood  and  Barbee  (27,  28). 


133 


C.  Interfaclal  Roughness 

In  Che  calculations  described  thus  far  It  has  been 
assumed  that  the  Interfaces  between  layers  are  Ideal, 
smooth  and  fully  specularly  reflecting.  If  the  surface 
Is  not  smooth  a  fraction  of  Che  radiation  Is  not 
specularly  reflected  and  the  diffraction  efficiency  of 
the  LSHs  Is  reduced.  Simple  theory  (29,  30,  31)  gives 
the  reduction  In  reflectivity  for  a  single  film  as  a 
function  6,  the  angle  of  Incidence,  of  the  x-rays  as; 

^'^0  "  ^/^o'ldeal«*Pt-^^’'  ^ 

where  l/^O^Ideal  reflectivity  calculated  for 

Ideal  Interfaces,  \  the  wavelength  and  tZ  a  surface 
roughness  parameter.  Rearrangement  of  eq.  (1)  and  sub¬ 
stitution  In  eq.  (8)  yields: 

T^'^lldeal«*Pt-^2'‘nf)']  ^ 

where  n  Is  the  order  of  Bragg  reflection  and  d  the  per¬ 
iod  of  the  LSM.  This  approach  allows  analysis  for  the 
surface  roughness  parameter,  dZ,  If  the  diffraction 
efficiency  of  many  orders  of  Bragg  reflections  are 
known  and  can  be  compared  to  model  calculations.  All 
calculations  against  which  direct  comparisons  are  made 
In  this  paper  used  the  Dynamic  Optical  Dispersion 
Theory  (DODT)  approach,  except  where  noted.  Also, 
except  where  noted,  all  calculations  are  for 
unpolarlzed  Incident  radiation,  A  co(iq>utatlonal 
program  developed  J.  Underwood  (27,  28)  was  used 
with  values  of  6  and  p  taken  from  the  literature  or 
provided  by  Ping  Lee  and  B.  Henke  (32).  The  value  of  6 
and  0  from  the  literature  have  given  the  largest 
uncertainty  In  the  modeling  efforts,  particularly  for 
photon  energies  lower  than  approximately  1.5  keV. 

D.  Refractive  Index  Correction 

The  Bragg  relationship  presented  In  equation  (1) 
Ignored  the  effects  of  refraction  on  the  position  of 
the  Bragg  relfectlons.  This  refraction  shift  can  be 
sizable  and  represents  a  method  for  determining  the 
optical  constants  as  a  function  of  photon  energy. 
These  data  can  then  both  be  compared  with  literature 
values  for  6  and  0  and  used  In  modeling  calculations. 

A  straight  forward  analysis  (33)  yields  a  rela¬ 
tionship  between  observed  Bragg  angle  refractive 
Index  p,  and  the  d  spacing  and  Is  given  as: 

nX  -  2dSin9  [l  +  ‘/2  .  (10) 

Sin  9 

6  for  photon  energies  greater  than  1000  eV  Is  typically 
less  than  10~®>  For  small  6,  equation  (8)  can  be  ap¬ 
proximated  as: 

nX  -  2dSin0[l - 5_]  (H) 

Sln^9 

which  can  be  used  at  the  higher  photon  energies.  The 
value  of  5  for  a  given  material  Is  determined  from  the 
measured  Bragg  angle  and  the  true  period  of  the  laate- 
rlal,  d. 

It  Is  Important  to  note  that  the  Bragg  angle  used 
In  these  calculations  of  6  Is  not  that  corresponding  to 
the  peak  diffracted  Intensity.  This  results  from  the 
effect  of  absorption  on  the  diffracted  Intensity  on  the 
high  angle  side  of  the  Bragg  peak.  The  Intensity  In 
this  region  Is  markedly  attenuated  with  the  result. the 
the  Bragg  peak  is  asymmetric.  The  position  of  the 
maximum  In  diffracted  Intensity  falls  at  a  slightly 
smaller  value  of  9  than  the  maximum  Intensity  when  ab¬ 
sorption  Is  Ignored.  An  excellent  approximation  to  the 
position  of  the  Bragg  peak  Is  given  by  the  center  angle 
at  half  height  diffracted  Intensity.  This  value  of  9 
Is  the  one  used  In  calculating  the  values  of  6  from  the 
position  oi  the  Bragg  peaks  In  this  work. 

It  will  be  seen  later  that  the  cong)oslte  refrac¬ 
tive  Indices  for  the  V/C-LSM  determined  by  this  method 
are  In  good  accord  with  the  predictions  of  Ping  Lee  and 


Henke  (32).  It  Is  also  demonstrated  that  these  samples 
allow  the  refractive  Indices  to  be  determined  over  a 
wide  range  of  wave  lengths  using  the  same  samples. 

III.  LSM  SYNTHESIS 

The  LSM  preparation  technique  used  In  this  work 
was  previously  developed  under  the  sponsorship  of  the 
NSF-MRL  program  as  part  of  the  activities  of  the  Center 
for  Materials  Research  at  Stanford  University  by  Dr.  T. 
W.  Barbee,  Jr.  This  process,  as  will  be  seen,  repre¬ 
sents  a  step  on  the  developing  path  whose  end  can  be 
termed  molecular  or  atomic  engineering.  It  has  been 
applied  to  a  wide  variety  of  cumbinatlons  of  elements, 
many  of  which  are  specific  to  x-ray  dispersion  element 
devices. 


Fig.  1,  Schematic  diagram  of  a  triangular  array  of 
magnetron  sputter  deposition  sources.  When  the  depo¬ 
sition  profiles  overlap  alloy  films  may  be  formed. 
When  the  sources  are  sufficiently  separated,  the  depo¬ 
sition  profiles  not  overlapping,  layered  structures  can 
be  formed  on  moving  substrates. 

In  contrast  to  the  majority  of  work  reported,  this 
process  uses  fixed  magnetron  sputtering  sources  and 
moving  substrates;  other  processes  have  used  fixed 
thermal  sources  and  fixed  substrates  with  moving 
shutters.  The  system  Is  shown  schematically  In  Fig. 
1.  Note  that  all  sources  (A,B,C)  are  mounted  on  the 
same  radius  and  that  the  substrate  table  (below  the 
sources)  rotates  about  the  center  of  this  mounting 
circle.  Sources  are  excited  using  either  dc  or  rf 
power  and  substrates  are  allowed  to  thermally  float, 
reaching  temperatures  of  approximately  S0*C  during  a 
long  (>2  hr)  deposition  run.  In  the  following  a  more 
detailed  description  of  this  process  Is  given. 

Sputter  deposition  Is  a  complex  process  Into  which 
many  parameters  Intrinsic  to  vapor  deposition  enter. 
In  addition,  there  are  many  extrinsic  parameters  asso¬ 
ciated  with  the  particular  apparatus  and  system  geo¬ 
metry  which  must  be  considered.  These  are  listed  In 
Table  1.  The  effects  of  these  parameters  are  consid¬ 
ered  in  a  general  manner  elsewhere  (34-38)  and  the 
reader  la  referred  there  for  a  more  complete  discus¬ 
sion.  Items  3,  4,  (5,  &  7),  8,  and  9  are  briefly  con¬ 
sidered  in  the  following. 

Also,  of  Importance  Is  the  type  of  sputter  source 
used  In  the  deposition  appartus.  Several  types  ere 
currently  available  that  can  be  broadly  classified  as 
standard  and  enhanced  and  are  listed  In  Table  1  along 
with  a  simple  set  of  comments  on  their  specific  cha''ac- 
terlstlcs.  The  most  Important  Information  In  the  table 
Is  that  It  Is  possible,  using  magnetron  sources,  to 
decouple  the  sputter  plasma  from  the  sample  minimising 
the  effects  of  high  energy  Ion  bombardment  and  second¬ 
ary  electron  effects.  Also,  the  large  deposition  rates 
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Table  1.  Important  Parameters  In  Sputter  Source 
Vapor  Deposition 

1.  The  large  atomic  quench  rate  characteristic  of 
vapor  deposition. 

2.  Both  surface  and  bulk  atomic  motion  kinetics  ~ 
primarily  controlled  by  substrate  temperature. 

3.  The  energy  dlstrlubtlon  of  the  Incident  ad¬ 

atoms. 

4.  The  substrate  surface  morphology. 

5.  The  effects  of  deposition  surface  (substrate  or 
deposited  film)-adatom  atomic  Interactions. 

6.  The  ambient  atmosphere  In  the  experimental 

apparatus. 

7.  The  etfects  of  the  adatom  condensation  energy. 

8.  Vapor  source-deposition  surface  Interactions. 

9.  The  geometry  of  the  vapor  source-substrate  con¬ 
figuration. 


Table  2.  Sputter  Sources  Characteristics 

1.  Standard  diodes  (R.  F.,  O.C.) 

A.  Rate  Low 

B.  Large  fraction  of  power  deposited  Into 

substrates 

C.  Radiation  damage  high 

II.  Enhanced  sources 

A;  Magnetron  (R.F.,  D.C.) 

1.  Rate  large 

2.  Source  Isolated  from  substrate.  Mini¬ 
mum  plasma  energy  deposited  In  sample. 

3.  Radiation  damage  minimized 

4.  Can  be  scaled  up 

B.  Trlode  supported  (R.F.,  D.C.) 

1.  Rate  large 

2.  Plasma  Interaction  with  substrate 
large 

3.  Radiation  damage  large 

4.  Can  be  scaled  up? 

available  using  magnetron  sources,  generally  an  order 
of  magnitude  hlgjher  than  those  characteristic  of  stand¬ 
ard  diodes,  facilitate  the  synthesis  of  high  quality 
LSMs. 

In  the  apparatus  used  In  this  work  magnetron  sour¬ 
ces  (A,  B,  C  of  Fig. 1)  are  arranged  so  that  their  de¬ 
position  profiles  do  not  overlap.  Deposition  onto  uni¬ 
formly  moving  substrates  mounted  on  a  table  beneath  the 
substrates  at  a  working  distance  of  7.5  cm  results  In 
the  synthesis  of  layered  structures  In  which  both 
composition  and  structure  can  be  systematically  varied 
normal  to  the  deposition  surface. 

The  magnetron  sources  used  are  3"-dlameter  planar 
circular  configurations.  The  characteristics  of  magne¬ 
tron  sources  are  well  documented  In  the  literature,  and 
only  those  factors  Important  to  this  application  are 
considered  here.  Magnetron  sources  have  a  magnet 
structure  behind  the  sputter  source  plate  supporting  a 
fringing  field  that  produces  a  trap  for  the  secondary 
electrons  Important  In  the  argon  sputter  gas  Ioniza¬ 
tion.  These  electrons  are  trapped  at  the  target  sur¬ 
face,  thereby  trapping  the  plasma  and  Increasing  the 
plasma  density  at  the  target  surface.  This  trapping 
mechanism  Is  Important  as  It  minimizes  the  interaction 
of  the  deposition  surface  with  the  sputtering  plasma  as 
well  as  Increasing  the  deposition  rates  by  approxi¬ 
mately  an  order  of  magnitude. 

The  increased  sputtering  rate  results  In  synthesis 
of  multilayer  structures  In  short  times  of  an  engineer¬ 
ing  scale.  A  typical  run  will  take  no  longer  than 


2  hr.  Therefore,  control  requirements  are  for  stabil¬ 
ity  for  a  limited  time,  making  synthesis  an  easier 
proposition.  More  Importantly,  the  decoupling  of  the 
sputtering  plasma  from  the  deposition  surface  Increases 
the  ability  to  form  continuous  well-defined  layers  on 
the  Angstrom  scale.  In  standard  sputtering  diodes, 
strong  coupling  of  the  plasma  to  the  deposition  surface 
results  in  an  Ion  bombardment  mixing  of  the 
constituents  that  can  extend  several  nanometers  Into 
the  sample.  This  degrades  the  sharpness  of  the 
Interfaces  between  layers  and.  If  the  layers  are  thin 
enough,  decreases  the  composition  fluctuation.  Such 
characteristics  may  be  advantageous  at  large  layer 
thicknesses  where  Interface  width  will  strongly  damp 
the  Intensities  of  higher-order  Bragg  reflections, 
though  for  thin  layers,  this  phenomena  destroys  the 
layers  and  results  In  a  homogeneous  sample  when  the 
layevs  are  sufficiently  thin.  The  nature  of  the 
deposits  Is  additionally  affected  by  the  sputtered 
adatom  energy,  though  this  Is  not  well  documented.  The 
adatoms  or  depositing  atoms  have  a  mean  kinetic  energy 
of  approximately  8  eV  and  a  tall  extending  to  80  eV. 
This  can  cause  interfacial  broadening  as  well  as  reac¬ 
tions  at  Interfaces  where  It  would  not  normally  be  ex¬ 
pected. 

In  addition,  substrate  rotation  results  in  moving 
the  substrates  beneath  the  sources  so  that  adatom  de¬ 
position  occurs  at  many  angels  of  Incidence.  This  min¬ 
imizes  the  effects  of  substrate  roughness  as  shadowing 
Is  minimized.  The  basic  gain  Is  that  substrate  quality 
does  not  deteriorate  and  that  layering  quality  is  main¬ 
tained  or  Improved  through  hundreds  of  layers. 

Many  different  types  of  substrates  have  been  In¬ 
vestigated,  with  the  most  consistent  results  achieved 
on  single  crystal  silicon  (100)  and  (111)  orientation 
wafers.  Preparation  of  these  materials  Is  done  using 
the  technology  typical  of  Integrated  circuit  laborator¬ 
ies.  1  note  here  that  cleaved  mica  Is  also  an  excel¬ 
lent  substrate  material  yielding  results  as  good  as  the 
best  silicon  substrates.  In  addition,  float  glass  can 
be  used  with  success  if  the  quality  Is  high.  In  some 
cases  very  high  quality  results  are  obtained  with  plas¬ 
tic  film  substrates.  In  addition,  preliminary  observa¬ 
tions  from  LSMs  deposited  In  mechanically  prepared 
glass  surfaces  indicate  very  high  reflectivities.  In 
all  cases  the  area  of  the  sample  which  Is  usable  is  a 
2  cm  X  7.5  cm  rectangular  area. 

IV.  X-RAY  DISPERSION  BEHAVIOR  OF  LSM'S 

Three  specific  material  combinations  will  be  con¬ 
sidered  In  this  section,  tungsten/carbon,  vanadlum/- 
carbon  and  tltanlum/carbon.  The  data  discussed  In  the 
following  was  gathered  in  many  laboratories  by  several 
Investigators.  These  Include  L.  Koppel  (L.L.N.L. ),  G. 
Stradllng  (L.L.N.L.),  B.  Henke  and  his  collaborators 
(U.  of  Hawaii),  J,  Gllfrlch  and  D.  Nagel  (NRL),  T. 
Barbee  (Stanford  University),  and  W.  Harbarton  and  T. 
Barbee,  et  al.  (SSRL). 

The  techniques  used  were  those  typical  of  x-ray 
diffraction  analysis  using  standard  dlf fractometry.  In 
some  cases  white  radiation  was  Incident  on  the  sample 
which  was  used  as  a  spectroscopic  element,  the  dif¬ 
fracted  radiation  being  analyzed  using  energy  disper¬ 
sive  techniques.  In  other  cases  characteristic  x-ray 
emission  lines  were  used  with  standard  detectors.  In¬ 
cluding  flow  proportional  and  scintillation  counters. 
At  SSRL  an  apparatus  designed  to  do  glancing  angle  dif- 
fractometry  by  W.  Uarburton  was  used  and  allowed  data 
to  be  collected  from  Bragg  angles  of  approximately 
5xl0~^  radians. 

A.  Thngsten/Carbon  (U/C)-LSM 

The  tungaten/carbon  system  has  been  extensively 
studied  due  to  the  high  electron  density  fluctuation 
Inherent  to  this  material  combination  and,  hence,  the 
high  scattering  power  per  tungsten/carbon  layer  pair. 
In  addition,  this  system  Is  stable  due  to  the  refrac¬ 
tory  character  of  the  components  and  the  equilibrium 


phase  diagraa  which  shows  that  the  stable  equlltbrlua 
Is  between  tungsten  carbide  <WC)  and  carbon  at  teapera- 
tures  up  to  ~2800°C.  In  this  section  the  results  of  a 
series  of  experlaents  designed  to  provide  Inforastlon 
concerning  paraaeters  laportant  to  the  perforaance  of 
LSM  as  desperslon  eleaents  are  presented. 

Diffraction  spectra  froa  a  W/C-LSM  (78-204;  t  • 
t  -  li.3A;  -  62)  deposited  on  (100)  orientation 
single  crystal  silicon  are  shown  In  Figure  2.  These 
spectra  were  taken  using  the  Breastrahlung  radiation 
froa  M  or  T1  anodes  using  the  LSM  as  a  spectrographlc 
eleaent.  The  energy  of  the  diffracted  radiation  varied 
as  the  Bragg  angle  was  varied.  Peak  reflectivity  and 
energy  resolution  for  9690  eV  photons  observed  are  462 
and  295  volts  respectively.  The  drop  In  reflectivity 
above  10000  eV  Is  the  result  of  the  absorption  jupp  at 
the  tungsten  Ljjj  edge  (“10300  eV).  The  fractional 
change  In  reflectivity  at  this  edge  Is  In  agreeaent 
with  calculation.  These  reflectivities  are 
cpproxlaately  65Z  of  those  predicted  by  model 
calculations.  This  Is  believed  to  be  the  result  of 
Interfaclal  roughness  betwen  the  constituent  layers  as 
will  be  deaonstrated  later. 


Photon  energy,  keV 

Fig.  2.  X-ray  dispersion  response  of  a  tungsten/carbon 
LSM  (d  -  22.6  A,  t„  -  11.34  A,  -  62,  C-Top) 
deposited  on  (100)  orientation  single  crystal  silicon 
Is  shown  as  a  function  of  the  energy  of  the  diffracted 
radiation. 

The  energy  resolutions  (E/6E)  shown  in  Figure  2 
are  all  of  the  order  of  35.  These  are  soaewhat  less 
than  expected  from  theory  and  from  examination  of  the 
diffracting  behavior  using  Cu  (A-1.5418  A) 
radiation.  This  discrepancy  Is  believed  to  be  the 
result  of  the  convolution  of  Incident  spectrum  with  the 
diffracting  characteristics  of  the  LSM. 

This  sample  (78-204)  Is  part  of  a  set  of  samples 
In  which  the  period  of  the  LSHs  was  held  constant  at 
approximately  21  A  and  the  number  of  diffracting  planes 
varied  so  as  to  explore  the  transition  from  the  kinema¬ 
tic  to  dynamic  regimes  of  diffraction  respose.  These 
samples  are  described  <n  Table  3  (78-206,  78-204,  78- 
207,  78-208,  78-209).  Peak  intensities  In  first  order 
for  Cu  K  radiation  were  measured  using  a  standard  pow¬ 
der  dlf  lactometer  equipped  with  a  diffracted  beam 
monochromator.  These  observed  peak  reflectivities  are 
plotted  along .with  calculated  values  In  Figure  3  as  a 
function  of  M^d*  where  M  Is  the  number  of  diffracting 
planes  and  d  the  pe^<d  of  the  LSM.  It  Is  clear  that 
at  small  values  of  ll‘d'  the  reflectivities  are  directly 

proportional  to  N^d^  In  agreement  with  kinematic  theory 
(Eq.  2).  For  N^d*  >  10  the  reflectivities  saturate 


135 

projecting  asymptotically  to  a  value  less  than  1.  This 
Is  In  accord  with  theory  as  shown  by  the  two  curves 
with  the  experimental  values  being  50  to  602  of  that 
calculated  using  the  DODT. 


I0-"  I0‘*»  10"**  10'** 

N*d*(cin^) 


Fig.  3.  Calculated  and  experimentally  observed  reflec¬ 
tivity  In  first  order  for  Cu  Kj,  radiation  for  W/C-LSM 
having  20. 3  A  <  d  <  21.0  A  and  N„  -  6,  11,  31,  62,  106 

are  plotted  as  a  function  of  d^,  a  parameter  for 
which  a  linear  relationship  is  expected  in  the  kine¬ 
matic  diffraction  regime  (see  eq.  2). 

It  Is  clear  from  these  results  that  the  experimen¬ 
tal  diffracted  Intensity  Is  In  general  accord  with 
theory  though  systematically  lower.  Comparison  of  full 
width  at  half  maximum  (620^^2)  with  calculation  also 
yields  Information  on  the  structure  of  these  LSMs. 
Experimentally  observed  values  are  listed  In  Table  3 
with  values  calculated  using  the  DODT  and  the  Schcrrer 
equation  (Eq.  4)  and  the  tabulated  values  of  d  and  N„, 
the  number  of  tungsten  layers.  Note  that  the  number  of 
diffracting  planes  of  eq.  (4),  N,  is  given  by; 

N  -  N„  -1 

It  is  clear  from  Table  3  that  the  agreement  between  the 
DODT  calculations  and  experiment  is  excellent.  In 
addition.  In  the  kinematic  domain,  agreement  between 
experiment  and  the  values  of  620 j/2  calculated  using 
the  Scherrer  equation  Is  also  good.  These  results 
Indicate  that  the  LSM  structures  are  highly  perfect 
with  angular  resolutions  620.12  In  agreement  with 
theory. 

The  conclusions  to  be  drawn  from  this  data  are 
that  the  resolutions  are  In  accord  with  theory  demon¬ 
strating  that  the  theoretically  predicted  number  of 
planes  are  active  In  the  diffraction  process.  Also, 
the  peak  reflectivity  In  first  order  Is  substantially 
less  ("0.6)  than  that  predicted  by  theory.  These  are 
exactly  the  characterlsltcs  attributable  to  Interfaclal 
roughness  which  is  considered  In  more  detail  later  In 
this  paper. 

The  data  presented  thus  far  are  limited  In  that 
only  one  photon  energy  has  been  used.  In  Figure  4  peak 
reflectivity  in  first  order  Is  plotted  as  a  function  of 
photon  energy  over  the  energy  range  (277  eV  to  15000 
eV)  for  W/C-LSMs  (78-204,  d-22.6  A;  79-086,  d-52  A;  79- 
091,  d"58  A),  The  reflectivities  observed  for  the 
larger  d  spacing  LSMs  (79-086,  79-091)  are  close  to 
values  calculated  using  the  DODT  both  in  peak  reflec¬ 
tivity  and  In  angular  resolution.  I  note  that  Ping  Lee 
has  calculated  the  reflectivity  In  first  order  (“132) 
for  W/C-LSMs,  2d»100  A  for  C-K  (E-277  eV).  His  results 
are  In  good  accord  with  the  reflectivity  (“122)  shown 
In  this  figure  for  similar  samples.  Also  calculations 
Indicate  that  the  reflectivities  over  the  full  spectral 
range  for  samples  79-086  and  79-091  are  very  close  to 
theoretical  values.  The  smaller  period  sample  (78-204) 
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Table  3.  Full  width  at  half  naxlnua  flrat  order  reflections  of  Cu  (X  •  1.S418  X)  radiation  froB 
W/C-LSHs  calculated  using  D0DT-d26jy2(‘^)>  Scherrer  equatlon-&2dj^2(^)>  experlaentally  observed  d29j^2(^) 
are  compared* 


Sample 

Nw 

d(A) 

tw(  A) 

Experiment 

a 

DODT 

Scherrer 

A29i/2(E) 

A20i/2(T) 

A20i/2(E)/A29i/2(T) 

d29i/2(S) 

78-206 

102 

20.3 

10.15 

0.075 

0.76 

0.99 

0.038 

1.96 

78-204 

62 

22.6 

11.3 

0.085 

0.086 

0.99 

0.057 

1.49 

78-207 

31 

20.3 

10.15 

0.133 

0.137 

0.97 

0.129 

1.03 

78-208 

11 

20.3 

10.14 

0.355 

0.356 

0.997 

0.380 

0.95 

78-209 

6 

21.0 

10.15 

0.69 

0.630 

1.095 

0.74 

0.96 

78-211 

11 

24.7 

10.0 

0.305 

— 

— 

0.318 

0.99 

78-212 

11 

33.8 

10.0 

0.23 

— 

— 

0.232 

0.99 

78-213 

11 

59.9 

10.0 

0.135 

— 

— 

0.131 

1.03 

Is,  as  already  discussed,  somewhat  less  than  theory  In 
reflectivity.  It  Is  also  Important  to  note  that  the 
jumps  In  reflectivity  at  the  and  U^xil  ^<^8cs  are  In 
agreement  with  theory.  These  values  of  reflectivity 
can  be  easily  converted  to  Integrated  reflectivity  as 
the  observed  angular  widths  of  the  Bragg  diffraction 
peaks  are  In  excellent  agreement  with  theory  though  the 
peak  reflectivities  are  somewhat  less  than  expected. 


ENERGY  (M) 


Fig.  A,  Peak  reflectivity  In  first  order  for  W/C-LSM 
78-20  D  -  22.6  A  -  62;  79-086,  D  -  52  A  N„  -  31, 

and  79-091,  D  ■  58  A,  -  31  are  presented  for  photon 
energies  of  277  eV  to  15000  eV.  These  data  were 
collected  by  B.  L.  Henke  and  his  students  at  the  Uni¬ 
versity  of  Hawaii,  L.  Koppel  at  L.L.N.L. ,  Jim  Underwood 
at  Stanford  University,  and  Troy  H.  Barbee  Jr.  at  Stan¬ 
ford  University  and  are  considered  minimum  values. 

Integrated  reflectivities  (39)  for  a  series  of 
H/C-LSMs  having  periods  of  21  A  (2d-A2  A)  30.5  A 
(2d~61  A)  and  ~60  A,  (2d~120  A)  are  shown  In  Figure  5 
for  radiation  In  the  wave  length  range  7  to  13  A. 
These  samples  were  synthesized  so  that  the  maximum 
diffracting  power  was  expected.  It  Is  Important  to 
note  that  these  results  semlquantltatlvely  agree  with 
theory. 

The  comparison  of  experiment  to  theory  shown  thus 
far  has  only  been  parametric  consisting  of  peak  re¬ 
flectivities  and  peak  widths  (629^^2)*  A  comparison 
between  the  observed  diffraction  spectrum  using  Cu  K_ 
radiation  over  the  angular  range  CK29<3.0  degrees  and 
calculations  using  DODT  Is  shown  In  Figure  6  for  sample 
80-037,  a  H/C-LSM.  The  calculation  was  based  on  design 
values  for  the  sample  period  and  the  relative  thick¬ 
nesses  of  the  carbon  and  tungsten  component  layers. 
The  difference  In  peak  positions  Is  due  to  the  fact 
that  the  sample  period  was  53  A  while  the  design  period 
was  52  A.  Excellent  agreement  with  the  theory  Is 
shown,  for  the  critical  angle  and  the  secondary  Fresnel 
maxima.  Note  the  experimentally  observed  peak  reflec¬ 
tivity  Is  55  to  60Z  while  the  calculated  value  Is  66Z. 
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Fig.  5.  Observed  (39)  Integrated  reflectivity,  R,  for 
W/C-LSMs  having  periods,  d,  of  21  A  (2d  -  A2  A),  30.5  A 
(2d  ”  61  A)  and  60  A  (2d  “  120  A)  Is  shown  as  a  func¬ 
tion  of  the  waveleneth  of  the  incident  radiation.  The 
reflectivities  are  approximately  half  that  predicted 
using  DODT. 
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Fig.  6.  Experimental  and  theoretical  diffraction 
curves  of  Cu  K„  from  sample  80-037  (d  “  52.0  A,  t  ■ 
17.34  A,  Nj,  “  11,  w-Top)  are  shown  and  compared.  The 
data  were  taken  using  a  standard  powder  diffractometer 
equipped  with  a  diffracted  beam  annochronometer. 
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TABLE  4.  Peak  reflectivity  In  first  order,  experlaen- 
tal  A2dj/2  theoretical  A2dj^2>  U/C-LSH  of  vary¬ 
ing  d  designed  to  have  constant  reflectivity  for  Cu 


d(A) 

Nw 

I/IoW 

A2  ©1  y  2  ^  ^  ) 
(deftrees) 

A29j/2(T) 

(degrees) 

80-037 

53.0 

11 

55  to 

60 

0.  20 

0.19 

80-038 

30.9 

30 

44  to 

48 

0.125 

0.126 

80-034 

20.3 

69 

35  to 

45 

0.079 

0.078 

80-040 

15.4 

123 

9  to 

11 

0.0625 

0.06 

80-041 

10.0 

274 

0.1 

0.05 

0.04 

80-042 

(5) 

1094 

0 

— 

— 

The  W/C-LSM  80-037  Is  one  of  a  series  of  six  sam¬ 
ples  designed  to  Investigate  the  effects  of  Interfaclal 
roughness,  the  characteristics  of  which  are  given  In 
Table  4.  The  samples  were  all  designed  to  have  reflec¬ 
tivities  In  first  order  of  65  to  68Z  for  periods  of 
53  A,  30.9  A,  20.3  A,  15.4  A,  10  A  and  5  A  by  Increas¬ 
ing  the  number  of  diffracting  planes  as  the  period  de¬ 
creased,  as  shown  In  Table  4.  Again  note  that  the 
A2di/2  experimentally  observed  Is  In  excellent 
agreement  with  values  calculated  using  DODT. 

The  observed  values  of  peak  reflectivity  are 
plotted  as  a  function  sample  period  In  Figure  7  with 
the  solid  line  approximating  the  observed  behavior. 
The  circles  In  Figure  3  are  points  calculated  using  eq. 
(9)  with  the  experimentally  determined  values  of  d,  and 
the  peak  reflectivities  predicted  using  DODT  assuming  an 
interfaclal  roughness  AZ,  of  3.15  A.  The  agreement  Is 
semlquantltatlve,  with  the  dependence  of  peak  reflec¬ 
tion  on  the  period  d  being  clearly  reproduced.  This  Is 
taken  as  clear  evidence  that  the  Interfaclal  roughness 
between  constituent  layers  Is  Che  characteristic  of 
these  LSMs  which  Is  limiting  the  diffracting  behav¬ 
ior.  Values  of  approximately  3  A  have  been  reported  by 
Splller  (12)  for  tungsten-rhenlum/carbon  LSM  struc¬ 
tures. 


Fig.  7.  Observed  peak  reflectivity  In  first  order  is 
plotted  as  a  function  of  d(A)  for  W/C-LSM  designed  to 
have  constant  reflectivity  In  first  order  and  cot^>ared 
to  the  predictions  of  theory  In  which  the  effect  of  a 
surface  roughness  (AZ  -  3.15  A)  Is  Included. 

In  closing  this  section  on  W/C-LSHs  I  will  present 
two  recent  experimental  results  obtained  at  the  Stan¬ 
ford  Synchrotron  Radiation  Laboratory.  The  Importance 
of  these  results  Is  that  they  were  obtained  with  tun¬ 
able,  low  intrinsic  beam  divergence  radiation  using  an 
apparatus  that  allowed  excellent  alignment.  This 
apparatus  allows  data  Co  be  taken  at  angles  greater 
than  0.1°  in  9  and  scans  which  span  the  angular  range 
from  the  region  of  total  specular  reflection  to  higher 
angles  where  Bragg  reflections  are  observed.  In  the 
following  only  data  from  regions  about  the  first  order 
Bragg  reflections  will  be  presented  and  compared  Co 
theory. 


Results  obtained  using  sample  80-038  (W/C-LSM,  see 
Table  4)  and  photons  of  energy  E~5478  eV  are  shown  In 
Figure  8  and  compared  to  DODT  calculations.  A26j^2 
observed  Co  be  In  excellent  agreement  %rtien  experiment 
and  calculation  are  compared.  The  offset  between  ex¬ 
periment  and  DODT  calculations  Is  believed  to  be  due  to 
a  siull  error  In  the  period  d  or  uncertainties  In  the 
values  of  6  and  8.  Also,  the  predicted  peak  reflectiv¬ 
ity  la  62Z  while  Che  observed  value  Is  54Z.  This  value 
yellds  an  effective  Interface  roughness  AZ  of  approxi¬ 
mately  1.8  A  compared  to  the  3.15  A  value  seen  In  Fig¬ 
ure  7.  The  Implication  of  this  comparison  Is  that  the 
laboratory  data  (Cu  yields  an  upper  limit  to  Che 

Interface  roughness  parameter  as  the  reflectivity 
appears  lower;  I/IqI^  -  44  to  48Z,  vs  DODT  •  67Z:  for 
laboratory  experiments;  I/lglg  ”  54Z  vs  DODT-  62Z  for 
SSRL  experiments.  This  is  supported  by  results  on 
ocher  samples  of  Ti/C,  Nb/C,  V/C-LSMs  and  Indicate  that 
the  alignment  and  low  beam  divergence  possible  with 
synchrotron  sources  are  advantageous  In  the  characteri¬ 
zation  of  LSMs. 


Fig.  8.  The  observed  first  order  Bragg  reflection  for 
a  W/C-LSM  (80-038,  d  -  30.9  A,  t„  -  10.3  *.  1^,  -  30) 
for  5478  eV  radiation  Is  compared  to  theory.  me  ex¬ 
perimental  data  were  taken  at  the  Stanford  Synchrotron 
Radiation  Laboratory. 

The  diffraction  behavior  of  sample  81-117,  a  W/C- 
LSM,  having  a  period  of  38.5  A  (Njj-50,  t  -12.8  A, 
t,,-Z5.7  A)  using  10000  eV  radiation  Is  coog>ared  to  DODT 
calculations  In  Figure  9.  The  offset  In  the  peak  re¬ 
flectivity  positions  Is  approximately  0.005*-9  and  Is 
due  to  an  uncertainty  with  the  values  of  6  and  8  as 
well  as  a  possible  error  In  the  period.  Note  Chat  the 
secondary  Fresnel  maxima  are  not  clearly  defined  In  the 
experimental  curve  due  to  the  Inherent  beam, divergence 
of  ~  lxl0~*  radians  In  this  experiment.  The  experimen¬ 
tally  observed  peak  reflectivity  is  78%  while  DODT  pre¬ 
dicts  82%.  Note  that  the  edge  lies  at  approxi¬ 
mately  10300  eV  so  that  absorption  effects  are  mini¬ 
mized  at  10000  eV.  Interfaclal  roughness  is  calculated 
to  be  approximately  1.4  A  for  this  sample.  This  Indi¬ 
cates  that  very  high  quality  LSM  structures  are  synthe- 
slzable  with  essentially  atomically  smooth  Interfaces 
between  the  constituent  layers. 

In  this  section  It  has  been  demonstrated  that  hlgjh 
diffraction  efficiency  W/C-LSM's  having  periods  above 
15  A  can  be  synthesized  and  have  x-ray  dispersion  char¬ 
acteristics  In  accord  with  theory.  Interfaclal  rough¬ 
ness  of  the  order  of  1.4  to  3.15  A  Is  Inferred  from 
experiment  deisonstratlng  that  near  atomic  level  smooth¬ 
ness  at  these  Interfaces  can  be  achieved. 
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Fig.  9.  The  observed  first  order  Bragg  reflection  for 
a  W/C-LSM  (81-U7,  d  -  38.5  A,  t^,  -  12.8  A,  -  50) 
for  10000  eV  radiation  Is  compared  to  theory.  The 
experimental  results  were  taken  at  the  Stanford  Syn¬ 
chrotron  Radiation  Laboratory. 
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Fig.  10a.  Observed  diffracting  behavior  over  the  angu¬ 
lar  range  0  to  6  degrees  In  20  for  a  V/C-LSM  (80-177), 
d  -  143.5  A,  t^  -  43.5  A,  -  21)  for  5300  eV  radia¬ 
tion  Is  shown. 


TWO  Important  comments  are  made  In  closing  this 
section.  First,  these  LSH  films  can  be  formed  on  flex¬ 
ible  substrates  such  as  mica  and  polylmlde  films. 
Silicon  substrates  can  also  be  flexed  so  that  an  0.5 
meter  radii  of  curvature  Is  achieved  over  a  7.5  cm  dis¬ 
tance.  Second,  these  structures  are  quite  stable  and 
samples  synthesized  In  early  1976,  though  somehuat  dis¬ 
colored,  still  exhibit  the  x-ray  diffraction  behavior 
originally  observed.  When  such  samples  are  heated  In 
Inert  atmospheres  to  temperatures  of  approximately 
500*C  for  5  to  10  hrs  the  tungsten  layers  react  with 
the  carbon  to  form  WC  which  has  a  density  of  15  to  16 
gms/cc.  The  decrease  In  the  carbon  layer  thickness  due 
to  the  reaction  Is  not  as  large  as  the  Increase  In  the 
thickness  of  the  W(WC)  layers  during  the  annealllng  so 
that  the  period  of  the  sample  Increases.  There  Is  no 
apparent  degradation  In  the  diffracting  efficiency  of 
the  samples,  an  Increase  In  resolution,  and  possibly  an 
Increase  In  the  perfection  of  the  structures  as  a 
result  of  such  annealllng. 

B.  Vanadium-Carbon  (V/C)-LSM 

The  x-ray  dispersion  behavior  of  a  specific  vana¬ 
dium/carbon  LSH  Is  considered  In  this  section.  This 
sample  (80-177)  consists  of  twenty-one-45  A  thick  vana¬ 
dium  layers  separated  by  100  A  carbon  layers  deposited 
onto  (100)  orientation  SI  single  crystal  substrates. 
Vanadium  was  the  top  layer.  This  period,  (d  145  A), 
and  the  vanadium  were  chosen  so  that  an  efficient  dif¬ 
fracting  element  for  very  soft  x-rays  could  be  con¬ 
structed  with  absorption  effects  minimized. 

Diffracting  behavior  over  the  photon  energy  range 
108  to  13000  eV  Is  discussed.  Direct  comparison  be¬ 
tween  experiment  and  DODT  calculations  are  made  for 
data  taken  above  and  below  the  Vj,  edge  (Ea5300,  6000 
eV],  for  C-K  (E-277  eV)  and  Be-K  (f-108  eV).  Estimates 
of  the  Interfaclal  roughness  are  Inferred  from  the 
higher  order  Bragg  reflections  (E~S300,  6000  eV). 
Also,  It  Is  shown  that  the  positions  of  the  Bragg  re¬ 
flections  In  first  order  allow  the  value  of  6,  the  real 
part  of  the  refractive  Index,  to  be  estimated.  The 
measured  values  are  for  the  composite  material  and  val¬ 
ues  for  the  component  eleswnts  must  be  unfolded.  These 
composite  material  values  are  compared  to  those  derived 
from  classical  theory  and  recent  results  of  Ping  Lee 
and  B.  Henke  (32).  DODT  calculations  exploring  the  ef¬ 
fects  of  the  nature  of  the  top  layer  and  the  polariza¬ 
tion  of  the  Incident  ll^t  are  also  presented. 

Diffraction  scans  and  DODT  calculations  for  s  V/C- 
LSM  (80-177)  for  radiation  of  energy  5300  eV  and  6000 
eV  are  shown  In  Figure  10s, b,  and  11a, b  respectively. 
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2  6  (degrees) 


Fig.  10b.  Predicted  (DODT)  diffracting  behavior  over 
the  angular  range  0  to  6*  in  20  of  a  V/C-LSM  80-177,  d 
-  143.5  A,  t^  •  34.5  A,  -  21)  for  5300  eV  radiation 
is  shown. 


2  6  (degrees) 


Pig.  Ha.  Observed  diffracting  oehavlor  over  the  angu¬ 
lar  range  0  to  6*  In  20  for  a  V/C^LSM  (80-177;  d  - 
143.5  A,  t^  ■  43.5  A,  H^  ■  21)  for  6000  eV  radiation  Is 
shown. 
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2  6  (degrees) 

Fig.  11b.  Predicted  (DODT)  diffracting  behavior  over 
the  angular  range  0  to  6"  In  20  for  V/C-LSM  (80-177,  d 
“  143. S  A,  t^  “  43.5  A,  •  21)  for  6000  eV  radiation 
la  shown. 

The  basic  sgreenent  Is  excellent  with  respect  to  the 
predicted  critical  angles,  0^,  and  the  peak  reflectivi¬ 
ties  In  first  order.  The  predicted  values  are  93Z 
(5300  eV)  and  67Z  (6000  eV)  while  experloent  yields  88Z 
(5300  eV)  and  65Z  (6000  eV).  Observed  Intensities  for 
2nd,  3rd,  4th,  and  5th  order  Bragg  reflections  are  all 
substantially  less  than  predicted. 

This  dlsagreeaent  between  theory  and  oxperlnent  at 
the  higher  orders  can  be  rationalized  In  terns  of  an 
Interfaclal  roughness.  In  Bq.  (3)  a  relationship  be¬ 
tween  the  order  of  reflection  of  a  sample  and  the  in¬ 
terfaclal  roughness  paraaeter  SL  was  given.  Values  of 
a.  calculated  using  this  equation  are  listed  for  photon 
energies  of  5300  eV  and  6000  eV  as  a  function  of  the 
order  of  reflection  In  Table  5.  The  apparent  lnter~ 
facial  roughness  Is  *7.7  A  which  Is  several  vanadium 
Interatomic  distances.  The  values  of  6Z  are  in  general 
agreement  for  all  orders  of  reflection,  supporting  the 
analysis,  Indicating  that  this  simple  approach  provides 
a  reasonable  framework  for  understanding  these  results. 

Table  5.  The  Interfaclal  roughness  parameter  6Z  as  a 
function  of  the  order  of  reflection  for  E“5300  eV,  6000 
eV  (Sample  80-177) 

Order  of  Braga  Reflection 
E(eV)  n”l  n”2  n“3  n“4  n“5 

5300  —  6.8  A  8.8  A  8.4  A  7.8  A 
6000  ~  6.0  A  7.2  A  8.7  A  8.0  A 

The  behavior  at  high  photon  energies  Is  not  as 
strongly  affected  by  absorption  as  at  low  energies,  the 
reflectivity  under  the  least  favorable  conditions  at 
energies  just  above  the  vanadium  K  edge  still  being  of 
the  order  of  6SZ.  At  low  photon  energies  absorption 
dominates  and  It  Is  necessary  to  consider  the  effects 
of  the  top  layer  composition.  In  addition,  doe  to  the 
long  wavelengths,  Bragg  reflection  occurs  at  high 
enou^  angles  that  the  polarization  of  the  incident 
radiation  maybe  Important.  These  effects  are  discussed 
In  the  following  for  C-K  (E“277  eV)  and  B  -K  (E«108  eV) 
radiation  diffracted  from  this  V/C-LSN. 

DOOT  calculations  using  values  of  fl  and  S  provided 
by  Ping  Lee  and  B.  Henke  for  C-K  (E-277  eV)  are  shown 
in  Figure  12.  One  curve  Is  for  carbon  as  the  top  layer 
and  the  other  for  vanadium  as  the  top  layer.  The  ef¬ 
fect  of  the  top  carbon  layer  is  Important  as  It  pro¬ 
vides  guidance  as  to  the  possible  effects  of  contamina¬ 
tion  layers  which  will  always  be  present  In  such  de¬ 
posited  films.  Such  contsmlnatlon  layers  are  expected 
to  be  both  oxides  of  the  vanadium  as  well  as  carbon 
containing  organic  films. 


A  comparison  between  experimental  results  taken  by 
Tester  and  Henke  and  these  D(H)T  claculatlons  are  shown 
In  Figure  13.  The  predicted  reflectivity  Is  approxi¬ 
mately  1.5  times  the  observed  value  of  30Z  (above  back¬ 
ground).  In  addition  the  experimental  value  of 
A20i/2(FWWI)  Is  approximately  1.5  times  the  predicted 
value.  It  Is  likely  that  the  disagreement  between  the 
experimental  value  of  peak  reflectivity  and  the  pre¬ 
dicted  value  Is  the  result  of  an  underestimate  of  the  8 
values  for  the  component  layers,  as  well  as  of  the 
scattering  power  per  layer.  This  Is  supported  by  the 
fact  that  the  Integrated  reflectivities  compare  very 
well. 


Fig.  12.  The  predicted  diffracting  behavior  for  a  V/C- 
LSM  (80-177,  d  -  143.5  A,  t^  -  43.5  A,  N  -  21)  for  C-K 
(A  >  44.7  A)  radiation  ta  shown  for  0  <  0  <  IS  degrees. 
Two  cases  are  compared;  (1)  a  case  for  which  the  top 
layer  Is  vanadium,  and  (2)  a  case  for  which  the  to 
layer  Is  carbon. 


Fig.  13.  Experimentally  observed  diffracting  behavior 
of  C-1^  (E  «  277  eV,  A  -  44.7  A)  radiation  from  a  V/C- 
LSM  (80-177)  Is  compared  to  theoretical  predictions 
made  using  values  of  6  and  8  for  the  vanadium  and  car¬ 
bon  developed  by  Ping  Lee  and  Henke  (32). 

*  Heasurepmnts  were  also  made  of  the  diffracting  be¬ 
havior  of  B^-K  (E  >108  eV).  The  diffracting  behavior 
for  o  and  x  polarized  108  eV  radiation  calculated  using 
DODT  are  presented  In  Figure  14.  As  the  Brewster  angle 
Is  approached  the  o  polarization  Is  more  strongly  dif¬ 
fracted  as  shmm  In  this  figure.  There  is  essentially 
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(80-177)  for  108  eV  (X  •  114  ft)  for  «  and  o  polarized 
radiation  are  coopered.  Note  the  Bragg  reflectivity  of 
the  o  polarized  radiation  la  significantly  larger  than 
the  z  polarized  as  the  Bragg  angle  Is  a  large  fraction 
of  the  Brewster  angle. 

no  difference  between  the  o  and  z  polarlzatlona  In  the 
specular  region  of  the  curve.  This  Is  Included  so  that 
the  possible  effects  of  Incident  light  polarization  are 
delineated. 

More  Isvortantly,  the  effect  of  the  co^oaltlon  of 
the  top  Boat  layer  la  seen  both  In  the  specular  reflec¬ 
tion  reglae  and  at  the  Bragg  peak  as  shown  In  Figure 
IS.  The  calculations  deaonstrate  that  the  specular  re¬ 
flection  from  a  LSM  having  carbon  as  the  top  layer  la 
at  all  angles  larger  than  froa  a  vanadlun  top  layer 
saaple.  This  Is  due  to  the  high  absorption  coefficient 
for  108  eV  radiation  of  the  vanadltss  which  aarkedly  de¬ 
creases  the  reflected  Intensity  In  the  specular  reglae. 
Conversely,  the  vanadium  top  layer  saaple  exhibits  a 
aarkedly  higher  value  of  peak  reflectivity  In  the  first 
order  Bragg  peak  than  the  carbon  top  layer  calculation. 
This  la  Bore  clearly  shown  in  Figure  16  where  experl- 
aental  data  Is  compared  to  these  calculations.  Note 
that  the  observed  reflectivity  lies  at  a  Interaedlate 
value  between  the  two  calculated  curves  and  that  the 
observed  ftz  again  approximately  1.5  tlaes  that 
calculated.  The  observed  peak  reflectivity  above  back¬ 
ground  Is  approximately  6. 5ft  and  the  value  calculated 
for  a  vanadium  top  layer  structure  Is  approximately 
10.5ft  again  a  factor  of  1.5  larger. 


Fig.  15.  The  predicted  behavior  (DODT)  for  diffraction 
of  unpolarlsed  108  eV  radiation  (X  -  114  A)  froa  a  V/C- 
LSM  (80-177,  d  •  143.5  A,  t  •  43.5  A.  •  21)  for  0  < 
0  <  3.5  degrees  Is  shown.  TWo  cases  are  coapared;  (1) 
a  ease  In  i8ilch  the  top  layer  Is  vsnadlua,  and  (2)  a 
ease  In  which  the  top  layer  is  carbon. 
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Fig.  16.  Observed  peak  reflectivity  In  first  order  Is 
coapared  with  theory  for  108  eV  radiation  ((X  -  114  A) 
froa  a  V/C-LSM  (80-177,  d  -  143.5  A,  t^  -  43.5  A,  H,  - 
21).  Two  theoretical  cases  are  presented  (1)  a  saaple 
with  a  vanadiua  top  layer  and  (2)  a  saaple  with  a 
carbon  top  layer. 

As  discussed  In  the  theory  section  the  value  of 
the  sample  period,  d,  calculated  using  the  observed 
Bragg  peaks  differs  from  the  actual  value  of  d  as  a  re¬ 
sult  ofrefractlve  Index  effects  (eqs.  10  and  11).  This 
can  lead  to  substantial  error  In  the  determination  of 
the  actual  period  unless  higher  order  reflections  are 
used  as  the  refractive  Index  effect  decreases  at  higher 
angles.  Values  of  d  calculated  froa  actual  peak  posi¬ 
tions  In  £i[d(0))  for  five  orders  of  Bragg  reflection 
arc  shown  in  Figure  17  for  photons  of  energy  13000, 
10000,  6000  and  5300  eV.  Also  shown  are  values  calcu¬ 
lated  froa  the  first  order  position  of  the  Bragg  peaks 
observed  for  277,  192,  151  and  108  eV  radiation.  These 
values  all  lie  below  the  horizontal  dotted  line  in  the 
figure.  Apparent  values  for  d  [d(A29)]  can  also  be 
calculated  froa  the  value  of  A20,  the  difference  In  an¬ 
gular  position  between  adjacent  orders  of  Bragg  reflec¬ 
tion  are  also  shown  and  are  always  larger  than  the  real 
saaple  period.  They  lie  above  the  horizontal  dotted 
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Fig.  17.  Values  of  apparent  d  spacing  calculated  from 
experimentally  observed  positions  of  the  Bragg  reflec¬ 
tions  for  radiation  having  energies  of  108,  151,  192, 
277  ,  5300  ,  6000,  10000,  and  !3o00  eV  are  plotted  as  a 
function  of  the  order  of  reflection.  Apparent  d  spac- 
Ings  calculated  from  the  differences  In  the  angular 
positions  of  adjacent  orders  of  Bragg  reflections  are 
also  plotted,  these  points  lying  midway  between  the 
respective  orders  used  In  the  analysis  (the  d  values 
are  all  larger  than  the  correct  value  of  d  for  this 
saaple). 
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line  In  this  figure.  These  two  types  of  analysis  yield 
curves  asyaptotlc  to  the  actual  period  of  the  saaple  at 
high  angles  or  at  high  orders  of  Bragg  reflection.  The 
horizontal  line  In  this  figure  represents  the  actual  d 
spacing  of  this  V/C-LSM  which,  fron  this  analysis  Is 
143.S  ±  1.0  A. 

It  Is  also  possible  once  the  value  of  the  saaple 
period  Is  well  established,  to  calculate  a  value  of  3, 
the  coaposlte  value  of  the  real  part  of  the  refractive 
Index  for  a  given  LSM  structure.  Values  of  3  derived 
from  the  posltons  of  first  order  Bragg  reflections  ob¬ 
served  for  photon  energies  of  108  to  13000  eV  for  V/C- 
LSM  80-177  are  presented  In  Table  6.  These  are  com¬ 
pared  to  predicted  values  calculated  assuming 


and 


3  - 
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2.72x10'^  p 


1  Z 
T  M 


(12) 

(13) 


where  X  Is  the  wavelengh,  z  the  atomic  number,  M  the 
atomic  weight,  the  density  of  vanadium,  p^  the  den¬ 
sity  of  carbon,  t^  the  thickness  of  the  vanadium  lay¬ 
ers,  t^  the  thickness  of  the  carbon  layers  and  d  the 
saaple  period.  The  values  calculated  assumalng  Z„  <• 
23,  Zj  -  6,  p^  «  5.96  gms/cc,  p^  -  2.0  gms/cc,  d  ” 
143.5  A  and  literature  values  for  the  atomic  weights 
for  all  photon  energies  are  shown  In  Table  6  as  6j  and 
are  all  larger  than  experiment  with  major  disagreement 
shown  for  the  very  low  energy  radiation,  as  Is  ex¬ 
pected. 


Table  6.  The  real  part  of  the  coaposlte  refractive 
Index,  3,  calculated  from  the  experimental  positions  of 
the  first  order  reflections  of  photons  108  eV  <  E  < 
13000  eV  fron  s  V/C-LSM  (d  -  143.5  A,  t^  -  43.5  A,  - 
21)  are  compared  to  predictions  based  on  simple  theory 
and  values  calculated  using  the  results  of  Ping  lee 
and  B.  Henke  for  the  values  of  8  and  6  of  carbon  and 
vanadium  (928  eV  >  E  >  108  eV). 


B  (Theory) 


E(eW) 

X(A) 

*ldeal 

BUB 

«-lx 

’(eip) 

13000 

0.953 

3.64x10“® 

3.73x10*® 

3.64x10*® 

3.29x10*® 

10000 

1.239 

6.15x10*® 

6.31x10“® 

6.15x10*® 

5.08x10*® 

6000 

2.066 

1.71x10*5 

1.76x10*5 

1.71x10*5 

1.53x10*5 

5300 

2.338 

2.19x10*5 

2.23x10*5 

2.19x10*5 

2.27x10*5 

928 

13.33 

7.13x10“® 

7.21x10"® 

6.83x10*® 

7.8  xlO*® 

277 

44.7 

8.01x10*5 

3.18x10*5 

3.74x10*5 

1.21x10*5 

192 

64.4 

1.66x10*2 

9.71x10*5 

8.99x10*5 

7.83x10*5 

151 

82.1 

2.7  xl0“2 

1.58x10*2 

1.42x10*2 

1.29x10*2 

108 

114.0 

5.21x10“2 

2.94x10*2 

2.52x10*2 

2.45x10*2 

Comparisons  of  the  experimental  values  and  values 
calculated  using  the  results  of  Ping  Lee  and  B.  Henke 
(32)  for  vanadium  and  carbon  for  energies  of  928  eV  or 
lass  are  also  shown,  calculated  on  the  basis 
of  volume  fraction: 

\um<^>  "r 

where  fi^(X)  and  tlw  values  for  the  elements 
at  a  wavalength  X.  3_j^  la  calculated  using  eq.  (12) 
and  eq.  (13)  assuming  Mfeetlve  values  of  Z  for  vana¬ 
dium  and  carbon  In  accord  with  the  calculation  of  Ping 
Lee  and  Henke  (32).  In  general,  the  values  of  3^^, 

’mix  and  are  In  reasonable  agreement  at  all  ener¬ 
gies  with  surprisingly  good  agreement  found  In  the  lew 
energy  region. 

These  data  are  plotted  In  Figure  18  where  B  is 
shown  as  a  function  of  X,  the  radiation  wavelength. 
The  solid  line  represents  values  calculated  using  aq. 
(12)  and  eq.  (13)  with  Z,  -  23  and  Z  -  6  at  all  wava- 
lengths,  the  open  circles  the  expeAamntal  data,  and 


the  triangles  values  calculated  on  the  basis  of  a  mix¬ 
ture  using  values  of  Z  predicted  by  Ping  Lee  and  Henke 
(32).  At  high  energies  agreement  of  experiment  with 
the  simple  model  Is  acceptable.  The  largest  disagree¬ 
ment  is  observed  for  C-K  (X  “  44.7  A)  radiation  and 
remains  currently  unexplained.  Again,  acceptable 
agreement  between  calculated  and  experimental  values  of 
B  Is  shorn  at  low  photon  energies. 

The  diffracting  behavior  of  V/C-LSM  80-177  has 
been  discussed  and  compared  to  calculation  over  the 
photon  energy  range  108  to  13000  eV.  Agreement  between 
experiment  and  theory  has  been  shown  to  be  good  for 
high  photon  energies  (5300  eV,  6000  eV)  and  less  satis¬ 
factory  at  low  energies.  The  disparity  at  low  photon 
energies  is  believed  to  result  fron  surface  contamina¬ 
tion  and  from  uncertainties  In  the  values  of  6  and  8 
used  In  the  calculations.  In  addition  It  has  been 
shown  that  these  LSM  structures  allow  determination  of 
6  over  a  broad  energy  range  using  a  single  sa^>le 
therein  maintaining  the  material  and  saaple  structure 
effects  constant. 

C.  Titanium-Carbon  (Ti/C)-LSM 

The  diffracting  behavior  of  a  titanium-carbon 
(Ti/C)-LSM  having  a  period  of  56.4  A  consisting  of  70 
titanium  layers  26.0  A  thick  separated  by  carbon  layers 

30.4  A  thick  is  summarized  in  this  section.  The  data 
discussed  were  taken  (39)  at  the  Naval  Resaerch  Labora¬ 
tory  and  as  part  of  a  program  at  the  Stanford  Synchro¬ 
tron  Radiation  Laboratory.  Experimental  values  of  R, 
the  Integrated  reflectivity,  P  the  peak  reflectivity  in 
first  order,  and  angular  resolution  ^°/A26  are  sum¬ 
marized  in  Table  7, 

Table  7.  Experimental  (39)  integrated  reflectivities 
(R),  peak  reflectl^tles  In  first  order  (P),  and  angu¬ 
lar  resolution  (^®/A2e)  for  a  Tl/C-LSM  80-073  (d  - 

56.4  A)  are  tabulated  and  cospared  to  theoretical  pre¬ 
dictions  (DODT). 


A(A) 

Experlsent 

Theory 

E(eV) 

R(Radlans) 

p(zr 

^A6  R(Radlans) 

p(X)  e/Ae 

277 

44.7 

1.9  xl0*5 

10.6 

37.0 

3.1x10*5 

35.4 

45 

930 

13.33 

2  xlO*® 

_ 

— 

6.7x10*® 

14.5 

43.0 

1040 

11.91 

3.3  xlO*® 

— 

— 

6.5x10*® 

18.6 

44.0 

1490 

8.34 

3.6  XlO*® 

— 

— 

5.9x10*® 

35.2 

47.0 

1740 

7.13 

3.7  xlO*® 

— 

— 

6.5x10*® 

43.1 

45.0 

2620 

4.729 

3.1  xlO*® 

~ 

— 

6.7x10*® 

65.5 

45.0 

4795 

2.585 

3.57x10*® 

67 

45.4 

5.1x10*® 

82.1 

42.5 

4980 

2.489 

6.14x10*5 

16 

59.3 

— 

— 

— 

6000 

2.066 

2.17x10*® 

47 

41.8 

2.5x10*® 

52.0 

45.0 

13000 

0.953 

1.50x10*® 

60.0 

34.6 

— 

— 

— 

17000 

0.729 

1.23x10*® 

60.0 

31.7 

— 

— 

— 

Comparison  of  calculated  (D(H>T)  values  of  R  and 
experimental  values  show  that  In  nearly  all  cases  the 
experimental  values  are  greater  than  half  that  pre¬ 
dicted.  Calculated  and  observed  angular  resolution 
(0/66)  are  also  In  reasonable  agreement  with  the 
largest  discrepancy  observed  for  the  lowest  energy 
radiation  C-K  (277  eV).  In  addition  the  angular 
resolution,  6/AO,  Increases  significantly  at  4980  eV 
while  both  the  peak  reflectivity  P  and  Integrated  re¬ 
flectivity  are  markedly  reduced.  This  photon  energy 
lies  at  the  titanium  K  edge,  the  decrease  In  reflec¬ 
tivity  resulting  from  the  absorption  edge  Juq>  and  the 
effect  of  the  anomalous  dispersion  of  the  titanium  on 
the  scattering  power  per  vanadium/carbon  layer  pair. 
This  decrease  In  scattering  power  Is  reflected  In  the 
significant  Increase  In  the  angular  resolution  at  this 
energy. 
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Fig.  18.  I,  the  conpoBlte  refractive  Index  of  the  V/C-LSM  80-177  ca''culated  fron  the  angular  position 
of  the  flrat  order  Bragg  reflection  of  radiation  0.953  A  (  X  <  114  A  la  plotted  as  a  function  of  the 
wavelength  of  the  radiation.  These  data  are  coapared  to  a  slisple  theory  In  which  the  effective  nuaber 
of  electrons  for  vanadlua  and  carbon  are  asauised  to  be  23  and  6  respectively  and  to  predictions  aade 
using  the  values  of  S  and  developed  by  Ping  lee  and  Henke  (32). 

V.  APPLICATION  OF  LSHs  AS  DISPERSION  ELEMENTS 

In  this  paper  the  prlasry  purpose  has  been  to  pre¬ 
sent  Inforaatlon  providing  a  picture  of  the  current 
status  of  the  developaent  of  LSM  x-ray  dispersion  ele¬ 
ments  synthesised  using  sputter  deposition  technol¬ 
ogy.  The  results  discussed  have  deaonstrated  that  the 
application  of  such  LSH  structures  as  dispersion  ele- 
aents  Is  now  possible.  Two  such  applications  are 
briefly  discussed  In  the  following. 

A  series  of  observations  have  been  made  by  Loder, 
Nagel,  and  Barbee  (40)  at  the  Naval  Research  Laboratory 
In  which  a  H/C-LSN  was  used  as  a  spectroscopic  element 
dispersing  the  emitted  radiation  from  a  laser  Induced 
plasma  generated  by  Irradiation  of  a  Teflon  Target  us¬ 
ing  a  ruby  laser  as  shown  In  Figure  20.  The  arrange¬ 
ment  of  the  H/C-LSN  and  a  rubidium  acid  pthalate  (RAP) 
analysing  crystal  In  a  dual  element  spectrograph  Is 
also  shown  In  Figure  20.  This  arrangement  allowed 
direct  coaparlsons  of  the  dispersion  characteristics  of 
the  two  spectroscopic  elements.  This  is  shown  In  Fig¬ 
ure  21  which  presents  microdensitometer  traces  of  the 
films  exposed  curing  the  same  laser  shot.  Mote  the 
Integrated  and  peak  reflectivities  of  the  H/C-LSN  are 
substantially  larger  than  those  of  the  RAP,  and  the 
resolution  Is  apparently  a  factor  of  6  smaller.  DODT 
calculations  for  \  •  16.807  A  have  been  made  and  are 
shewn  In  Figure  22.  The  calculations  Indicate  a  reso¬ 
lution  of  approximately  0.21  A  is  expected  compared  to 
an  observed  value  of  approximately  0.25  A.  Also,  the 
ratio  of  the  predicted  value  of  Integrated  reflectivity 
for  A  •  16.807  A  to  that  of  RAP  Is  ~14.3  ignoring  the 
effects  of  Interfaclal  roughness  on  peak  reflectiv¬ 
ity.  The  experimentally  observed  value  Is  11.3.  If 
the  effects  of  Interfaclal  roughness  on  the  diffracting 
behavior  of  this  LSN  are  Included  the  agreement  is  con¬ 
siderably  Improved.  Exact  agreement  la  found  for  AZ  * 
1.6  A,  a  value  similar  to  that  observed  for  other  H/C- 
LSMs  discussed  earlier  In  this  paper. 


The  integrated  reflectivity  experimentally  ob¬ 
served  Is  compared  to  calculated  values  over  the  wave¬ 
length  range  of  2  to  13.1  A  In  Fig.  19.  R  values  for 
RAP  are  also  shown  for  comparison.  The  general  behav¬ 
ior  Is  clearly  In  agreement  while  the  actual  experimen¬ 
tal  values  are,  at  all  wavelengths,  less  than  the  pre¬ 
dicted  values.  Again,  It  Is  likely  that  an  uncertainty 
In  the  correct  values  of  6  and  8  contribute  to  this 
disparity. 


Fig.  19.  Integrated  reflectivities  for  a  Tl/C-LSN  (80- 
073);  d  •>  56.4  A,  ty^  •  26.0  A,  N.fj  ~  70)  for  radiation 
In  the  wavelength  range  2.066  A  <  X  <  13. 33  A  are 

shown  as  a  function  of  radiation  wavelength  and  com¬ 
pared  to  theory.  Data  and  claculatlons  for  RAP  are  In¬ 
cluded  for  comparison.  Also,  data  at  the  Tl-K  edge 
were  taken  at  SSRL  and  are  In  better  agreement  with 
theory,  as  shown  In  Table  7. 
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Target 


Fig.  20.  Elevation  and  plan  views  of  a 
dual  eleeent  spectrograph  used  to  coapare 
the  perforaance  of  a  W/C-LSM  and  a  RAP 
crystal  Irradiated  by  a  laser  generated 
plasaa  froa  a  teflon  (CF2)  target  are 
scheaatlcally  shown 


ooaZ 


RAP 


\ooit 


Oil 


W/C  #80-043  J 
2d  =  42.6A 


I6.807A 

1**-l82p 


I4.9B4A  I4458A  I3.780A 

1t*-2p  1**-U3p  1#-1*4p 


Fig.  21.  Optical  densltoaeter  traces  of  flla  records  of  laser 
excited  plasaa  spectra  froa  CF2  slaultaneously  obtained  using  a 
W/C-LSM  and  an  RAP  crystal  as  dispersion  eleaents  aounted  In  the 
apparatus  shown  In  Fig.  20  are  shown. 


Grophite 


Tungsten/carbon 

76-100 


Iw/cSl85 

^graphite 


Fig.  22.  A  calculated  (DODT)  diffraction  peak  profile 
for  a  W/C-LSM  having  125  tungsten  layers  8  A  thick 
separated  by  13  A  of  carbon  is  shown  for  Incident  radi¬ 
ation  having  a  wavelength  of  16.807  A. 

These  results  deaonstrate  that  W/C-LSMs  provide  a 
spectroscopic  eleaent  having  hl^er  energy  throughput 
than  stan^rd  acid  pthalate  crystals  In  the  X-UV  range 
and  resolution  sufficient  for  analysis  of  proalnent 
ealsslon  lines. 

Another  possible  spectroscopic  application  (41)  Is 
use  of  these  LSNs  as  dispersing  eleaents  In  a  standard 
powder  diffraction  apparatus.  An  exaaple  of  this  Is 
shown  In  Figure  23  i^re  scans  of  the  (101)  peak  froa 
polycrystalllne  quarts  with  Cu  (A  -  1.5418  A)  using 
a  curved  focussing  graphite  crystal  and  a  flat  W/C^SM 
(d  ■39.2  A  and  •  50)  as  dispersion  eleaents  In  a 


Fig.  23.  A  coaparlson  of  the  diffracted  Intensity  of 
the  (101)  quarts  peak  observed  using  Cu  K-  and  a  curved 
focusing  graphite  crystal  and  a  flat  w/C-LSH  (d  ■ 
39.2  A,  ~  50)  as  dispersion  eleaents  In  a  diffracted 
bean  aonochronoaeter  Is  shown.  the  signal  to  noise 
ratio  was  observed  to  be  1.65  tlaes  larger  with  the 
W/C-LSM  dispersion  eleaent  relative  to  the  graphite 
crystal. 

diffracted  beaa  aonochroaator  are  coapared.  Excitation 
of  the  source  was  the  saae  for  both  scans.  The  peak 
Intensity  observed  with  the  W/C-LSM  was  1.85  tlaes  lar¬ 
ger  than  with  the  graphite  crystal  and  the  signal  to 
noise  ratio  1.6  tlaes  larger.  This  coaparlson,  though 
slapls  gives  an  Indication  of  the  utility  of  these  LSN 
structures  even  though  near  graslng  Incidence  gsoaa- 
trles  are  needed. 
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VI.  SUMMARY 

It  has  been  denonst rated  In  this  paper  that  syn¬ 
thetic  crystals,  teraed  layered  synthetic  nlcrostmc- 
tures  (ISM)  here,  can  be  syntheclzed  using  sputter 
deposition  processes  with  x-ray  dispersion  characteris¬ 
tics  that  are  In  accord  with  theory.  Such  structures 
can  be  synthesized  with  useful  properties  fron  a  wide 
variety  of  materials  allowing  control  of  band  width 
and.  In  special  Instances,  the  dispersion  response  as  a 
function  of  wavelength.  The  periods  accessible  at  this 
tine  have  a  lower  limit  of  IS  A  though  layering  Is  evi¬ 
denced  for  periods  greater  than  8  A. 

These  LSM  have  been  deposited  onto  a  variety  of 
substrates,  the  results  reported  here  being  only  for 
materials  deposited  onto  single  crystal  silicon  sub¬ 
strates.  Results  on  these  other  substrates  are  also  in 
accord  with  theory  and  comparable  to  those  obtained 
from  LSMs  deposited  on  single  crystal  silicon  subs¬ 
trates.  Many  of  these  materials  are  very  flexible 
(mica,  plastic  films)  and  allow  curved  surfaces  to  be 
developed.  Preliminary  observations  of  LSM  behavior 
when  deposited  onto  mechanically  prepared  figured  sur¬ 
faces  Indicate  that  high  perforsaince  elements  with 
periods  of  approximately  40  A  can  be  synthesized. 

It  has  also  been  shown  that  a  systematic  explana¬ 
tion  for  the  disagreement  betmen  experiment  and  model 
calculations  can  be  based  on  the  effects  of  the  Inter- 
faclal  roughness  between  constituent  layers  on  the 
angular  distribution  of  scattered  x-rays.  Surface 
roughness,  dZ,  for  the  U/C-LSMs  was  Inferred  to  be  In 
the  range  1.4  to  3.  IS  A  with  the  moat  likely  value  In 
the  range  1.4  to  1.8  A.  A  somewhat  larger  value,  dZ  « 
7.7  A,  was  Inferred  from  experimental  results  obtained 
from  a  V/C-LSM  In  which  the  vanadium  layer  was  43.5  A 
thick.  These  results  demonstrate  that  the  character  of 
the  Interface  Is  an  Important  parameter,  and  at  this 
time,  apparently  the  controlling  factor  determining  Che 
behavior  of  LSM  dispersion  elements. 

Extension  of  this  work  will  Include  Investigation 
of  new  materials  as  coiq>onents  for  the  Individual  lay¬ 
ers  of  an  LSM.  This  will  result  In  the  development  of 
understanding  necessary  for  engineering  of  such  LSMs 
for  particular  applications.  Each  new  material  will 
have  characteristic  Interfaclal  effects  and  will  re¬ 
quire  significant  experimentation  for  development. 
Investigation  of  such  Interfaclal  effects  will  consti¬ 
tute  a  major  part  of  the  materials  research  In  this 
field.  It  Is  likely  that  significant  understanding  of 
the  surfaces  between  materials  will  be  generated  by 
such  efforts. 

In  addition,  actual  development  of  optical  devices 
for  x-ray  manipulation  will  be  pursued.  This  will  en¬ 
tail  both  model  calculations  and  specific,  designed  LSM 
configurations  which  will  undoubtedly  extend  the  cur¬ 
rent  synthesis  process  technology.  A  simple  extension 
of  current  technology  will  allow  synthesis  of  samples 
having  multiple  periods  or  graded  periods  through 
thickness.  In  addition,  samples  having  periods  varying 
along  the  substrate  can  also  be  synthesized.  These  nw 
become  elements  for  specific  spectroscopic  applica¬ 
tions.  The  conclusion  Is  that  the  variety  of  struc¬ 
tures  which  can  be  envisioned  Is  only  limited  by  expe¬ 
rience  and  Imagination  at  this  time. 

A  final  statement  concerning  the  eputter  depoei- 
tlon  synthesis  process  used  here  Mist  be  made.  At  thle 
time  usable  sample  areas  are  rectangular  (2  cm  x  7.5 
cm).  This  Is  determined  by  the  source  geometry  and  by 
the  particular  syatam  dealgn  used  In  this  process.  It 
Is  clearly  possible  to  scale  up  the  system  so  that 
large  area  aubstratee  may  be  coated  with  high  quality 
LSM  films.  In  addition  It  is  likely  that  highly  fig¬ 
ured  surfaces  nay  be  uniformly  coated  with  appropriate 
source  design  and  substrate  motion. 
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Section  IV  Atomic  Scattering  Coefficients  and  Calculations 


Low  Energy  X-Rgy  Interactions:  Photoionization.  Scattering.  Specular  and  Bragg  Reflection 
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ABSTRACT 

For  the  low  energy  x-ray  region  of  100-2000  eV,  the  complete  atomic  Interaction,  coherent  scattering  and 
photoelectric  absorption  can  be  described  by  a  complex  scattering  amplitude  which  may  be  given  through  the  atomic 
scattering  factor,  fi  +  Ifj.  For  this  low  photon  energy  region.  It  is  shown  by  the  relativistic  quantum  disper¬ 
sion  theory  that  the  atomic  scattering  factors  can  be  uniquely  determined  from  simple  relations  Involving  only  the 
atomic  photoionization  cross  section  dependence  upon  photon  energy.  Ue  have  compiled  “state  of  the  art"  tables 
for  the  photoionization  cross  sections  for  94  elements  and  for  the  photon  energy  region  of  30-100,000  eV.  With 
this  compilation,  we  have  established  atomic  scattering  factor  tables  for  the  100-2000  eV  region.  By  a  sunning  of 
the  complex,  atomic  scattering  amplitudes,  a  low  energy  x-ray  Interaction  can  be  determined.  Even  for  atoms  In 
the  molecular  or  solid  state  the  scattering  cross  sections  remain  atomic-like  except  for  photon  energies  very  near 
the  thresholds.  Using  practical  examples,  the  methods  of  calculation,  with  the  atomic  scattering  factors,  are 
reviewed  here  for  the  following;  1)  x-ray  energy  deposition  within  materials  (energy  response  of  x-ray  photo¬ 
cathodes);  2)  transmission  through  a  homogeneous  medlim:  refraction;  3)  transmission  through  a  random  collection 
of  uniform  spheres:  low  angle  scattering  In  an  Inhomogeneous  medlin;  4)  specular,  Fresnel  reflection  (total  and 
large  angle  reflection)  at  smooth  boundary;  and  5)  Bragg  reflection  from  a  periodic,  layered  system— (reflection 
by  crystals  and  multilayers). 


I.  INTRODUCTION— THE  ATOMIC  SCAHERING  FACTORS 

In  this  review,  we  would  like  to  discuss,  for  the 
low  energy  x-ray  region  (100-2000  eV  region),  how  the 
Interactions  of  absorption,  scattering  and  reflection 
can  be  well  described  by  using  the  atomic  scattering 
factors  as  the  primary  parameters  for  the  material 
system.  In  the  Appendix  of  these  proceedings  we  present 
tables  for  the  atomic  scattering  factors  as  directly 
derived  from  a  recent  work  [1]  on  a  "state  of  the  art" 
compilation  of  the  photolonlzatlon  cross  sections  for 
94  elements  for  the  30-10,000  eV  region,  along  with  the 
calculated  atomic  scattering  factors  for  the  100-2000 eV 
photon  energy  region.  We  present  here,  as  applied  to 
selected  examples  of  relevance  In  low  energy  x-ray 
diagnostics,  some  basic  procedures  for  predicting  low 
energy  x-ray  Interactions. 

The  Interaction  physics  for  the  conventional  x-ray 
region  (for  photon  energies  above  1000  eV)  has  been  pre¬ 
sented  by  many  excellent  texts  Including  that  of  Compton 
and  Allison  [2]  and  R.  W.  James  [3].  What  Is  sunmarlzed 
here  Is  an  extension  and  specialization  of  this  physics 
that  Is  useful  for  the  long  wavelength  x-ray  region  of 
10-100  A. 

For  the  low  energy  x-rays,  the  Interaction  can  be 
defined  as  simply  coherent  scattering  and  photoelectric 
absorption.  Incoherent  scattering  Is  negligible.  The 
complete  Interaction  with  an  atom  may  thus  be  described 
by  a  complex  scattered  amplitude  defined  by  an  atomic 
scattering  factor,  fi  +  if 2,  as  depicted  In  Figs.  14  2.  The 
scattered  amplitude  Is  given  by  this  factor  multiplied 
by  that  amplitude  which  would  be  scattered  If  the  atom 
were  replaced  by  a  free,  Thomsonlan  electron.  Here,  ro 
Is  the  classical  electron  radius,  m  the  electron  mass, 
c  the  velocity  of  light  and  R  the  distance  from  the 
atom  to  the  point  of  measurement.  Because  the  wave¬ 
lengths  of  Interest  are  large  as  compared  with  the 
dimensions  of  the  electron  distributions  within  the 
atom,  we  make  the  Important  assunptlon  here  that  essen- 
.tlally  all  electrons  will  scatter  effectively  In  phase 
for  all  but  the  largest  angles  of  scattering  so  that  the 
atomic  scattering  factor  components,  fi  and  f2,  may  be 
considered  angle  Independent.  The  complex  amplitude  of 
atomic  scattering  therefore  will  be  dependent  only  upon 
the  angle  of  scattering,  26,  through  the  polarization 


factor,  P(2e),  of  the  Thomsonlan  term.  P(2e)  is  equal 
to  unity  or  cos  26  depending  upon  whether  the  incident 
electric  vector  Is  perpendicular  to  or  parallel  to  the 
plane  of  scattering.  As  will  be  discussed  below,  the 
relative  roles  of  the  coherent  scattering  and  the  photo¬ 
electric  absorption  will  be  expressed  through  fj  and  f2, 
respectively. 

The  relativistic  quantum  dispersion  theory  for 
atomic  scattering  and  the  calculation  of  the  atomic 
scattering  factors  has  been  presented  by  Cromer  and 
Lleberman  [4]  and  by  Jensen  [5]  (along  with  their 
references).  In  Fig.  2  are  shown  their  results  Includ¬ 
ing  the  relativistic  corrections,  Af^  to  the  semlclassi- 
cal,  usual  relations  for  fi  and  fa.  Here  Z  Is  the 
atomic  number,  h  Planck's  constant,  me®  rest  mass  ener¬ 
gy  of  the  electron,  Etot  the  total  energy  of  the  atom 
and  E  the  photon  energy.  Cromer  and  Lleberman  have 
estimated  Etot  negative  quantity)  for  all  the 
elements  and  from  their  table  we  have  fit  the  following 
polynomial  for  the  larger  term  In  Afp. 
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Figure  2 

For  the  low  energy  x-ray  region  it  is  imnediately 
evident  that  this  and  the  second  relativistic  term  in 
&fr  are  completely  negligible  except  near  thresholds 
where  fi  becomes  small  as  compared  with  Z.  An  important 
argument  here,  therefore,  is  that  for  the  low  energy 
y-ray  region,  the  atomic  scattering  factor,  fi  +  if2, 
can  be  uniquely  determined  through  these  relations  in 
terms  of  the  total  atomic  photoionization  cross  section 
and  its  dependence  upon  photon  energy.  It  may  be  noted 
that  f2  is  directly  proportional  to  the  atomic  photo¬ 
ionization  cross  section  for  a  given  photon  energy,  E. 

It  will  exhibit  the  same  structures  near  thresholds  as 
does  the  photoionization  cross  section,  u(E).  The 
relation  for  ft  suggests  that  the  important  anomalous 
scattering  contribution  (through  the  Integral  term) 
depends  upon  a  knowledge  of  the  photoionization  cross 
section  dependence  upon  photon  energy  from  a  very  small 
to  very  large  value  of  photon  energy.  The  nature  of 
this  integral,  however,  is  that  its  value  is  sensitive 
to  an  integration  range  of  energies  relatively  close  to 
E.  In  our  calculations  [1]  for  fi,  we  have  found  it 
convenient  to  use  a  range  from  30  eV  to  85  keV  with  our 
greatest  concern  for  knowing  precisely  the  cross  sec¬ 
tions  in  the  intermediate  region  of  100-2000  eV. 

In  Figs.  3,  4  and  5  we  present  examples  of  plots 
of  the  calculated  scattering  factor  components,  fi  and 
fi,  for  aluminum,  copper  and  xenon.  In  the  fz  plots  for 
the  photon  energy  region  below  about  300  eV  we  have 
indicated  values  corresponding  to  representative,  avail¬ 
able  experimental  data  including  that  which  we  have 
adoped  for  this  fitting.  [6-10]  It  is  Important  to  note 
that  throughout  the  low  energy  x-ray  region,  the  fi 
values  are  appreciably  different  from  the  classical 
Thomsonian  value  of  Z  (as  a  result  of  electronic  binding 
and  consequent  anomalous  scattering). 

It  is  proposed  here  that  with  sufficient  accuracy 
we  may  assume  that  the  low  energy  x-ray  photoionization 
cross  sections  and,  correspondingly,  the  atomic  scatter¬ 
ing  factors  are  atomic-like  even  in  the  chemical  and 
solid  states.  This  effect  is  illustrated  in  Fig.  6 
where  shown  is  a  comparison  of  the  photoionization  cross 
sections  as  measured  in  the  vapor  and  in  the  solid  state 
for  the  elements  sodium,  iron  and  barium.  [11-13]  Near 
thresholds  there  are  characteristically  large  depar¬ 
tures  from  the  atomic-like  character  when  the  atoms  are 
in  the  molecular  and  solid  state.  At  the  absorption 
edge  may  be  sharp  excitonic  structures  [14]  and  nearby 
may  be  the  extended  absorption  fine  structure  (exafs) 
[15].  Nevertheless,  as  has  been  discussed  by  many 
authors,  [16-18]  above  about  50  eV  and  away  from 
thresholds,  the  photoionization  cross  sections  are 
relatively  independent  of  the  state  of  the  atomic  sys¬ 
tem.  In  our  integrations  for  fi  we  have  used  values 
for  p(E)  that  have  been  averaged  through  such  struc¬ 
tures  near  the  thresholds. 

Thus  for  the  low  energy  x-ray  region  of  interest 
here  (100-2000  eV)  we  define  and  have  tabulated  the 
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atomic  scattering  factors  (a)  as  uniquely  defined  by 
the  best  available  photolonlzatlon  cross  section  data; 
(b)  as  being  essentially  Independent  of  scattering 
angle;  and  (c)  as  being  effectively  Independent  of  the 
state  of  the  atomic  system—except  for  photon  energies 
near  thresholds. 

II.  LOW  ENERGY  X-RAY  INTERACTION  DESCRIPTION 

Generally  one  may  treat  such  problems  as  the  trans¬ 
mission  of  radiation,  particle  scattering,  specular  and 
Bragg  reflection  with  a  macroscopic  description  as  an 
electromagnetic  wave  boundary  value  problem  using 
material  constants  such  as  the  dielectric  constant,  K, 
and  the  refractive  Index,  ry,  or  equivalently,  by  an 
atomic  approach  by  sumnlng  the  atomic  scattered  ampli¬ 
tudes  from  the  Irradiated  atomic  system  and  using  the 
atomic  scattering  factors.  By  comparing  the  solutions 
of  such  Interaction  problems  by  these  approaches,  the 
following  relationships  between  the  complex  dielectric 
constant,  K,  the  refractive  Index,  tv,  and  the  atomic 
scattering  factors  for  the  x-ray  region  are  directly 
established. 

For  the  low  energy  x-ray  region,  we  define  the 
complex  dielectric  constant,  K,  as 

K  •  1  -  a  -  ly  (1) 

and  the  complex  refractive  Index,  n^.,  by 

n^  -  1  -  «  -  16  ,  (2) 

where  characteristically  these  unit  decrements,  a,  y>  6 
and  6f  are  small  as  compared  with  unity.  We  then  find 
that  the  following  relationships  between  the  atomic  and 
the  macroscopic  parameters  obtain: 

6.1^nf..|  (3) 


where  the_average  atomic  scattering  factor  per  unit 
volume,  nf.  Is  given  by 


nTi  ■  I  njjfiq 

(5) 

nTa  •  I  nqfjq  . 

(6) 

Here  Oq  is  the  number  of  atoms  per  unit  volume  of  type- 

g- 

Usually  the  E  &  N  boundary  value  solutions  can  be 
more  formal,  rigorous  and,  however,  more  tedious  and 
less  Intuitive.  Often  a  description  by  summing  over 
atomic  scattered  amplitudes,  which  Is  phenomenological. 
Is  also  more  flexible  and  amenable  to  practical  approx¬ 
imation. 

In  transmission, scattering,  specular  and  Bragg 
reflection  description,  a  first  step  In  sunning  the 
atomic  scattered  amplitudes  over  a  given  Irradiated 
system  of  atoms  Is  Illustrated  In  Fig.  7,  Here  the 
amplitude  that  Is  transmitted  and  specularly  reflected 
by  an  elementary  atomic  plane  Is  described.  The  absorp¬ 
tive  factor,  o.  In  the  transmitted  direction,  and  tne 
reflective  factor,  s.  for  the  cohe.ent  constant  phase 
scattering  geometry  as  allowed  only  In  the  specular 
direction.  2e,  may  be  related  to  the  atomic  scattering 
factor,  fi  +  1f2,  by  simply  Integrating  over  equi phase 
Fresnel  zones  throughout  the  plane  [3]. 

If.  as  In  many  practical  systems,  the  atomic  layers 
are  within  periodic  systems  of  layers  as  In  planar 
crystals  or  In  multilayers,  with  a  periodicity  length 
normal  to  the  surface  equal  to  d,  o  and  s  may  be  simply 
generalized  for  this  layer  system  of  thickness,  d.  In 
terms  of  the  average  scattering  factor  per  unit  volume, 
nf,  defined  In  Eq.  (5),  and  a  structure  factor  per  unit 
volume,  ((iF|  +  I^Fj. 

Upon  summing  over  the  scattered  amplitudes  within 
this  layer  system  a  composite  scattering  factor  per  unit 
volune  for  scattering  In  a  direction  26  Is  defined  as 
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the  unit  cell  structure  factor  per  unit  volume  as 
follows: 

^AiTsine^. 

"  Sff  ^  ^ 

where  the  volume  of  the  unit  cell  is  Ad  and  within  the 
unit  cell  at  a  position  Zp  from  a  reference  plane  there 
are  Xp  atoms  of  type-p. 

As  is  often  possible,  if  Zp  may  be  measured  from  a 
central  symmetry  plane,  the  ()iFi  and  ((iFi  components  may 
then  be  written  simply  as 

'^Fi  ®  ^  Xpf ipcos Zp)  (8) 


°  Ad  p  ^P^  • 

The  next  step  in  an  interaction  description  is  to 
sum  the  wave  amplitudes  from  a  given  system  of  planes  of 
atoms  (or  of  unit  cells)  and  for  a  given  angle  of  scat¬ 
tering,  26.  As  the  initial  wave,  as  depicted  in  Fig.  7, 
proceeds  to  the  next  layer  it  will  be  partially  reflect¬ 
ed  again  to  contribute  to  the  total  reflected  wave 
system  and  this  partially  reflected  wave  will  also 
partially  reflect  back  as  a  component  to  be  added  to  the 
Initial  transmitted  wave  system,  etc.  In  this  way  the 
total  transmitted  and  reflected  wave  systems  may  con¬ 
tain  the  contributions  of  many  such  multiply  reflected 
components.  The  works  of  Dar„in  and  Prins  were  perhaps 
the  first  that  present  a  relatively  simple  solution  for 
the  total  reflected  and  transmitted  wave  systems.  [2,3, 
19,20]  Their  approach  was  to  write  the  self-consistent, 
difference  equations  for  the  transmitted  amplitude,  Tn. 
and  total  reflected  amplitude,  for  successive  layers 
(indexed  by  N)  taking  into  account  the  phase  shift, 
kdsine,  of  the  waves  between  layers.  He  refer  the 
Interested  reader  to  the  relatively  simple  and  straight¬ 
forward  solution  of  these  difference  equations  for  the 
reflected  wave  as  a  function  only  of  d,  6,  o  and  s. 
Recently  Smirnov [21]  has  written  the  difference  equa¬ 
tions  as  differential  equations  for  a  continuous  set  of 
close-spaced  planes  in  order  to  treat,  in  particular, 
the  reflection  of  x-rays  from  an  amorphous  medium  inter¬ 
face.  Smirnov's  solution  for  a  perfectly  smooth  inter¬ 
face  immediately  reduces  to  the  familiar  Fresnel  equa¬ 
tions  as  written  for  x-ray  reflection  by  simply  replac¬ 
ing  the  fl  and  fz  parameters  by  their  optical  constant 


equivalents  through  relations  (3)  and  (4). 

This  inclusion  of  the  effects  of  multiple  reflec¬ 
tion  and  absorption  is  called  a  dwiamieal  approach.  In 
certain  problems  a  simple  and  useful  approximtion  for 
the  sumning  for  the  total  reflected  wave  system  from  a 
system  of  planes  can  be  obtained  by  neglecting  the 
effect  of  the  multiple  reflection  and  the  absorption 
reduction  of  the  incident  wave.  For  example,  this  can 
be  appropriate  for  scattering  by  small  crystals  or 
particle  systems  for  which  relatively  few  planes  are 
involved.  This  simplification  in  the  summing  of  the 
reflected  waves  is  called  a  kinematical  approach. 

In  the  sections  that  follow,  we  would  like  to 
sunmarize  the  results  of  such  calculations  for  some 
examples  of  practical  interest. 

A.  NORMAL  INCIDENCE  TRANSMISSION  OF  LOU  ENERGY  X-RAYS 

Using  the  Darwin-Prins-Smirnov(DPS)  approach,  we 
have  calculated  the  total  transmitted  and  reflected 
amplitude  for  a  normally  incident,  unpolarized  plane 
wave  of  x-rays  for  uniform,  amorphous  solid.  Taking  the 
square  of  the  moduli  of  these  amplitudes,  we  find  that 
the  reflected  intensity  is  negligibly  small,  as  expected, 
and  that  the  transmitted  intensity  is  reduced  exponent 
tially  with  distance  z  from  the  surface  as  exp(-2roAnfj), 
where  nfj  is  the  average  scattering  factor  component, 
fz,  per  unit  volume  as  given  by  Eq.  (5).  From  an  E  &  M, 
boundary  value  solution  for  the  Poynting  vector  describ¬ 
ing  this  transmitted  energy  flow,  we  find  MT]  that  it 
is  reduced  with  z  by  the  factor  exp(-4ii6/X)z).  Comparing 
these  exponential  factors  with  that  defined  in  terms  of 
the  linear  absorption  coefficient,  u.,  we  obtain  the 
relations 

Uj  =  =  2roXnTz  (10) 

which  is  consistent  with  relation  (4).  This  result  may 
also  be  written  as 

where  p,  is  an  atomic  (or  molecular)  photoionization 
cross  section  equal  to  pz/n.  This  result  also  follows 
from  the  quantum  theory  of  dispersion  as  noted  in  Fig.  2. 

B.  THE  QUANTUM  YIELD  FOR 
LOW  ENERGY  X-RAY  PHOTOCATHODES 

In  a  recent  work  [23]  we  have  shown  experimentally 
and  by  a  simple  phenomenological  model  that  the  number 
of  electrons  that  are  photoemitted  per  normally  incident 
photon,  the  quantum  yield,  Y,  is  dependent  upon  photon 
energy  through  the  factor,  pEp(E)  or  Epz(E).  E  is  the 
photon  energy,  p,  the  mass  density  of  the  photocathode, 
p  and  pj^  are  the  mass  and  linear  photoionization  cross 
sections,  respectively.  He  may  thus  write  for  the 
photocathode  efficiency 

Y  -v.  nfz  (12) 

by  applying  Eq.  (11)  where  nfz  is  the  average  scattering 
factor,  fj,  per  unit  volume  for  the  photocathode  and 
given  in  Eq.  (5).  Thus  the  fj  parameters  which  have 
tabulated  here  and  in  Ref.  1  can  be  used  directly  to 
estimate  the  photon  energy  dependence  of  x-ray  photo¬ 
cathodes  . 

C.  SMALL  ANGLE  SCATTERING  OF  LOH  ENERGY  X-RAYS 

As  has  been  noted  in  Sec.  II-A,a  measurement  of  the 
attenuation  of  the  transmitted  intensity  through  a 
unifonn,  homogeneous  material  can  be  used  to  determine 
the  photoionization  cross  section,  p,  and  the  atomic 
scattering  factor  component,  fz.  If  the  sample  material 
consists  of  small  particles  or  voids  of  dimensions  large 
compared  with  the  wavelength  of  the  incident  radiation, 
the  direct  beam  will  be  reduced  further  by  the  resulting 
coherent  scattering.  In  order  to  estimate  this  effect 


and/or  to  evaluate  material  scattering  generally,  a 
description  of  the  scattering  by  spherical  particles  or 
voids  Is  presented  here  as  a  relevant  example. 

This  problem  has  been  discussed  In  some  detail  In 
a  previous  work  by  the  author  [24].  By  neglecting 
absorption  within  the  sphere  (each  differential  plane 
receiving  essentially  the  same  Incident  Intensity)  and 
neglecting  multiple  Interference,  we  may  calculate, 
relatively  easily,  the  scattered  Intensity  distribution 
by  a  kinematical  approach.  Integrating  the  differential 
amplitudes  which  are  proportional  to  the  circular 
section  area  of  Tr(R*  -  2*)  (see  Fig.  8)  and  with  phase 
angle  relative  to  that  for  the  central  plane,  4irzs1n0/A, 
(with  28  the  angle  of  scattering)  we  obtain  the  total 
amplitude  of  the  scattered  wave  [24].  Taking  the 
modulus  squared,  we  then  obtain  the  Intensity  distribu¬ 
tion  at  a  distance,  r,  from  a  spherical  particle. 

I  =  +  {nf,)?)(i+cos*2e)(^^^^).  (13) 

Here  again  n7i  and  nfj  are  the  averaged  scattering 
factor  components  per  unit  volume,  from  Eq.  (S); 
u  =  — ,  and  03/2(0)  Is  the  Bessel  function  of 
order  3/2.  For  small  angle  scattering,  I.e.,  for 
A«R,  the  central  maximum  Is  well  approximated  by  a 
Gaussian  distribution 

I  =  ((nfi)*  +  (nf2)')(1  +  cos^20)Ioe‘  (14) 

of  angular  width,  A0  =  /5/8ir^  (X/R). 

The  E  S  M  boundary  value  solution  was  rigorously 
obtained  In  series  form  using  Legendre  polynomials  by 
M1e  [25].  This  solution  was  expressed  In  closed  form 
by  Hart  and  Nontroll  [26]  and  by  van  de  Hulst  [27]  for 
“soft"  spheres  for  which  absorption  was  not  completely 
neglected.  We  have  taken  this  dynamical  model  result 
which  may  be  appropriate  for  the  lower  energy  x-ray 
region  and  have  shown  that  it  reduces  to  Eq.  (13)  in 
the  low  absorption  limit  by  again  replacing  the  optical 
constants,  6  and  6,  by  the  equivalent  functions  in  fi 
and  f2  given  In  Eqs.  (3)  and  (4).  [24]  By  Integrating 
over  a  sphere  to  obtain  the  total  scattering  through  all 
angles  we  have  obtained  expressions  for  the  total  cross 
sections.  The  total  cross  section  per  particle,  Sp, 
and  the  total  cross  section  per  gram,  Sm,  as  derived 
from  Eq.  (13),  become 

Sp  =  rJx*R-((nfx)^  +  (nF2)^) 

(Po  Is  the  mass  density  of  the  particle.) 

If  the  scattering  mediun  consists  of  spherical 
particles  of  an  average  atomic  scattering  factor  per 
unit  volume,  n'(7i'  +  IT2')  Imbedded  In  a  material  of 
that  equal  to  n(fi  +  Ifi),  It  can  be  shown  that  the 
kinematical  result,  Eq.  (13),  will  obtain  If  we  simply 
replace  nfi  and  nf2  by  the  difference  parameters, 

(nfi  -  n'fi ')  and  (nf2  -  n'f2').  For  voids, 
fl'=  f2'-  0. 

If  the  transmission  sample  is  sufficiently  thick 
so  that  multiple  scattering  Is  significant,  the  angular 
distribution  of  the  Intensity  Is  broadened  over  that 
predicted  by  Eq.  (13).  This  effect  Is  discussed  In 
Ref.  [24]. 

D.  SPECULAR  REFLECTION  BY  X-RAY  MIRRORS 

As  noted  above,  Smirnov  [21]  has  expressed  the 
Oarwin-Prins  difference  equations  as  differential 
equations  descriptive  of, the  reflection  and  transmission 
for  a  continuous  set  of  planes  with  spacing  between  the 
atomic  reflecting  planes  that  Is  small  as  compared  with 
the  waVfelength.  (He  describes  this  case  as  the  zero- 
order  Bragg  reflection.)  After  deriving  the  expression 
for  total  reflection  from  a  perfectly  smooth  Interface 
that  reduced  Immediately  to  that  predicted  through  the 
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Fresnel  equations  (E  &  M  boundary  value  solution), 
Smirnovet  a1.  [28]  then  extended  these  calculations  to 
predict  the  effect  of  surface  roughness  upon  x-ray 
mirror  reflection  and  thus  explain  the  often  observed 
departures  of  some  experimental  curves  from  the  Fresnel 
curves . 

For  the  low  energy  x-ray  region.  It  Is  Important 
not  to  assume  that  the  specular  reflection  occurs  only 
for  the  small  glancing  angles  as  Is  usually  assumed.  \Z, 
3,21,28]  In  order  to  obtain  a  precise  large  angle 
solution  for  the  reflection  of  low  energy  x-rays,  the 
author  [22]  has  specialized  the  rigorous  and  general 
solutions  of  Mahan  [29]  for  the  reflection  of  a  plane 
electromagnetic  wave  from  a  semi-infinite  homogeneous, 
absorbing  medium.  We  have  shown  In  that  solution  that 
for  the  x-ray  region,  the  reflection  equation  can  be 
expressed  completely  in  terms  of  a  complex  dielectric 
constant  given  by 


K  =  1  -  (1  -  c)  -  ^  =  1  -  o 


1Y 


(16) 


(using  here  only,  Mahan's  notation),  c  Is  the  dielectric 
constant,  o  the  conductivity  constant  and  v  the  radia¬ 
tion  frequency. 

This  dielectric  constant  may  be  derived  from  the 
dipole  moment  per  unit  volume  within  the  medium  through 
the  usual  relation 

K  =  1  +  ^  , 

where  E  Is  the  electric  Incident  field.  And  this  dipole 
moment  per  unit  volume,  M,  can  be  expressed  as  a  sum  of 
the  atomic  dipole  moments  which  are  proportional  to  the 
atomic  scattering  factors.  He  can  thus  derive 


„  _  raX^  „7 
a  -  nf, 

r.x*  - 
Y  =  ^  nf2 


(17) 


which  relations  also  follow  from  Eqs.  (1)  through  (4) 
(deduced  by  comparing  the  E  &  M  and  atomic  scattering 
solutions). 

He  may  now  write  Mahan's  reflection  Intensity  as 
specialized  for  large  angle,  low  energy  x-ray  reflection 
as  a  function  of  a  convenient  parameter,  p,  defined  by 

p*  »  %{s1n*0-  a  +  /{sln^e  -  a)*  +  y*  ).  (18) 

Here  6  Is  the  grazing  Incidence  angle  and  a  and  y 
are  given  by  fi  and  fa  through  Eq.  (17).  (For  small  6, 
a  and  Y,  the  parameter,  p,  becomes  equal  to  the  Internal 
angle  that  the  refracted  beam  makes  with  the  reflecting 
surface.) 

He  define  I,  and  as  the  ratios  of  the  reflected 
Intensity  to  the  Incident  Intensity  for  the  polarized 
components  with  the  E-vector  perpendicular  to  and 
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parallel  to  the  plane  of  reflection  respectively, 
may  then  write 


I  (0)  =  4p^(sine  -  p)^  * 

°  4p^(sin6  f  p)*  +  Y* 


Ue 

(19) 


and  for  the  polarization  ratio 


_  4o^(p  -  cos9cot6)^  * 
Ig(e)  4p^(p  +  cosScote)^  +  Y* 


(20) 


and  finally  for  the  total  reflected  Intensity  for  an 
unpolarized  incident  beam 

1(6)  =  %Io(l  +  VIp).  (21) 

) 

Ue  have  shown  from  Mahan's  exact  solution  that  the 
absorption  factor  in  the  Poynting  vector  that  describes 
the  energy  flow  of  low  energy  x-rays  into  the  mediim  is 
equal  to  exp(-2irYZ/Xp)  where  z  is  the  penetration  depth 
as  measured  normally  to  the  reflecting  surface.  We  may 
therefore  define  a  1/e  depth  Involved  in  x-ray  reflec¬ 
tion  by  the  relation 

"irt  •  ^  <“> 

In  Ref.  [1]  we  have  applied  this  description  of  the 
reflection  of  low  energy  x-rays  from  perfectly  smooth 
interfaces  to  establish  detailed  tables  in  photon  energy 
and  reflection  angle  for  the  mirrors  berylliun,  carbon, 
aluminum  oxide,  aluminum,  fused  quartz,  nickel,  copper 
and  gold.  As  examples  of  such  calculations  we  present 
here  in  Figs.  9  and  10  the  reflectivity  curves  for 
berylliun  and  for  nickel.  In  a  companion  paper  of  these 
proceedings,  we  also  present  the  reflectivity-vs-e 
curves  for  those  characteristic  long  wavelengths  for 
which  we  could  also  include  reported  experimental  points 
for  comparison. 

D.  BRAGG  REFLECTION  FROM  MULTILAYERS  AND  CRYSTALS 


Using  the  elementary  Interaction  as  described  in 
Fig.  7  for  a  plane  wave  reflecting  and  transmitting  at  a 
single  layer  of  unit  cell  structures,  Compton  and 
Allison  have  followed  a  Oarwin-Prins  approach  to  proceed 
to  write  equations  for  the  total  transmitted  and 
reflected  waves  that  obtain  for  any  arbitrary, 
successive  set  of  planes  within  a  crystal  of  an  infinite 
number  of  planes  and  of  spacing  equal  to  d.  These 
difference  equations  were  then  solved  with  the  following 
important  results. 

We  define  the  incident  amplitude  of  the  plane  wave 
as  Tn  and  the  total  reflected  wave  amplitude  leaving  the 
surface  as  Sg.  It  is  shown  that  the  total  transmitted 
wave  proceeding  into  the  crystal  that  reaches  the  Nth 
layer  (including  the  contributions  of  all  possible 
multiple  reflections)  may  be  given  simply  by 

Tn  -  Tox",  (23) 

where  the  attenuation  factor  per  layer,  x,  is  assumed  to 


be  only  slightly  less  than  unity  and  thus  we  may  define 
X  here  by 


X  =  (-DV*?  ,  (24) 


where  m  is  the  order  of  diffraction  and 


n  =  +/s*-(o  +  C)*  (25) 

and 

5  =  Y  <l(s1ne  -  sinSt)  (26) 

(00  is  defined  by  the  Bragg  relation,  mX  =  2dsineo.)  In 
Eq.  (25)  we  choose  the  plus  or  minus  sign  so  that  the 
real  part  of  n  will  have  the  (physically  significant) 
positive  value.  It  also  follows  as  suggested  in  Fig. 11 
that  the  total  wave  amplitude  at  the  Nth  layer  that  is 
proceeding  upward  in  the  Bragg  reflected  direction 
(including  all  multiple  interference  contributions)  may 
be  written  as 

Sn  =  Sox’*  .  (27) 


The  solution  of  the  self-consistent  difference 
equations  for  the  ratios  of  the  total  reflected  to 
incident  amplitudes  at  the  crystal  surface  and  at  the 
Nth  layer  are  given  by 


-s 


(o  +  5)  +  /(a  +  ZV  -  s^ 


(28) 


Finally,  by  taking  the  modulus  squared  of  the 
amplitude  ratio  as  a  function  of  the  angle,  6,  here  in 
terms  of  the  atomic  scattering  factors. 


1.(8) 


- .  ^  (29) 

(o  +  E)  +  /(c  +  E)“  -  s^ 


We  would  like  now  to  apply  this  Darwin-Prins 
approach  (difference  equation  solution  for  small  values 
of  a  and  s)  as  outlined  above  in  order  to  estimate  the 
effect  of  limiting  the  crystal  or  multilayer  to  a  finite 
number  of  layers,  N.  We  suggest  that  the  total 
amplitude  of  reflection  for  this  finite  system  should  be 
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Figure  11 


that  reflected  for  the  infinite-layer  system  minus  that 
total  wave  amplitude  reflected  from  the  multilayer 
system  from  N+1  to  <».  Because  Sn/Tg  and  Sm/T|^  both 
describe  the  amplitude  ratios  from  a  surfrce  above  an 
infinite  number  of  layers,  these  must  be  equal.  And 
because  Sn  must  also  be  attenuated  by  the  same  factor, 
X"  for  its  value  at  the  surface,  we  then  obtain  (as 
presented  in  Fig.  11)  the  amplitude  ratio  for  the  first 
N  layers  as  follows: 


(  Sg  -  SgX^”  1  Sg 


(1  -  x^N). 


Finally  we  may  write  for  a  modified  Oarwin-Prins 
expression  for  a  finite  number  of  layers,  N* 


1^(6) 


I  1(1  - 


(30) 


(31) 


Because,  for  practical  crystal  systems,  the  inten¬ 
sities  are  significantly  large  only  at  angle,  6,  near 
the  diffraction  peak,  we  may,  with  good  approximation, 
rewrite  the  expressions  for  the  structure  factor  per 
unit  volume  to  be  used  in  calculating  these  reflection 
intensities  and  as  given  in  Eqs.  (8)  and  (9)  with  6  set 
equal  to  the  Bragg  angle,  Bo  defined  by  nU  >  2dsin6o. 
These  become 


1  2innZn 

°  Ad  p 


and 


♦Fi  =  M  p  *pf»P“s 


Zvraz, 


(32) 


(33) 


EFFECTS  OF  INTERFACE  DIFFUSION 

UPON  THE  STRUCTURE  FACTOR/UNIT  VOLUME  -  <^F,  +  if^Fj 
AND  THE  ATOMIC  SCATTERING  FACTOR/UNIT  VOLUME,  nfi  +  infg 

—  SHARPLY  DEFINED  INTERFACE  —  , 


nf, 


■n'f; 


nf. 


n'fj  ■ 


-d/2  0 

rf,F 

(pF,  .  — 


d/2 


-d/2 


d/2 


^r-  nf2-nf2 


^F|  *  i^Fg  -  0  FOR  EVEN  ORDERS  ONLY 
—  SINUSOIDALLY  DIFFUSED  INTERFACE  — 


<^|F|  -  FOR  ^HIGH  ORDERS 


For  the  sputtered/evaporated  multilayer  systems 
consisting  of  successive  double  layers  of  thickness,  d, 
with  a  "heavy"  layer  of  thickness  rd  and  scattering 
factor  per  unit  volume,  n(fi  +  ifj)  and  a  "light"  layer 
of  thickness  1  -  Fd  and  of  scattering  factor  per  unit 
volume  n'(fi'  +  ifj*)  we  obtain  from  an  integral  equiv¬ 
alent  of  Eqs.  (32)  and  (33)  for  such  a  system  of 
continuous  layers  the  following  for  the  structure  factor 
per  unit  volume. 

<>Fi  =  —  (nfi  -  n'fi')  sinFnm  (34) 

and 
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Figure  13 


1I1F2  *  (nfj  -  n'fj')  sinFimr  .  (35) 

Lee  [30]  has  recently  reported  an  E  &  M  boundary  value 
solution  for  the  periodic  multilayer  systerm  as  defined 
above  using  a  characteristic  matrix  approach  (CMA-Lee). 
He  has  shown  that  this  rigorx>us  solution  for  the  inten¬ 
sity  distribution  at  a  diffraction  peak  will  reduce  to 
the  Darwin-Prins  expression  for  H„,  and  that  another 
relatively  simple  modified  form  of  the  Darwin-Prins 
equation  can  be  written  with  a  correction  term  that 
Introduces  a  dependence  upon  a  finite  number  of  layers, 
N.  These  results  have  also  been  discussed  in  Ref.  [1]. 

It  is  of  interest  to  compare  reflectivity  curves 
for  multilayer  systems  as  predicted  by  the  modified 
Darwin-Prins  expression  given  in  Eq.  (31)  (DP-Henke) 
with  the  rigorous  result  (CHA-Lee)  and  its  reduced 
version  (DP-Lee).  These  comparisons  are  presented  in 
Fig.  12.  These  were  calculated  for  the  reflection  of 
O-Ka  (23.6  A/525  eV)  radiation  from  a  tungsten/carbon 
multilayer  of  2d  =  40  A,  F  =  0.3  and  for  N  equal  to  30 
and  100.  It  is  interesting  to  note  that  the  three 
descriptions  yield  essentially  the  same  diffraction  line 
widths  and  the  modified  Darwin-Prins  expressions  give 
somewhat  higher  peak  values  and  consequently  slightly 
higher  Integrated  reflectivities. 

As  noted  earlier,  Smirnov  et  al.  [28]  have  found 
the  Darwin-Prins  approach  to  be  very  effective  in  an 
analysis  for  the  effects  of  surface  roughness  in  x-ray 
reflection.  They  have  shown  that  the  same  effects  can 
be  produced  by  a  suitably  chosen  graded  density  inter¬ 
face  as  by  a  given  surface  roughness  structure.  It  is 
suggested  here  that  the  sputtered/evaporated  multilayer 
systems  such  as  tungsten/carbon  may  exhibit  changes  in 
their  reflectivity  characteristics  which  can  be 
explained  either  by  Interface  roughness  or  equivalently 
by  a  graded  tungsten  carbide  Interface.  For  example, 
some  of  the  tungsten/carbon  multilayer  systems  which 
we  have  characterized  spectroscopically  have  yielded 
essentially  no  high-order  reflections  fdr  what  were 
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fabricated  as  r  »  0.5  multilayers.  As  may  be  noted 
from  Eqs.  (34)  and  (35),  such  multilayers  should  have 
zero  Intensity  even-order  reflections  only  If  the  Inter¬ 
faces  are  sharply  defined.  However,  If  we  assune  that 
the  scattering  factor  per  unit  volune  with  the  double 
layer  varies  sinusoidally,  we  calculate  by  Integration 
a  structure  factor  per  unit  volume  that  Is  of  zero 
value  for  all  high  order  reflections.  In  Fig.  13  these 
structure  Tactors  per  unit  volume  for  the  sharply 
defined  multilayer  and  for  the  corresponding  diffused 
multilayer  are  presented.  In  Fig.  14  we  shm  the 
calculated  Integrated  reflectivities  (R)  and  the  diffrac¬ 
tion  line  widths  (aE)  using  the  modified  Darwin-Prins 
expression  with  4F  values  for  the  two  types  of 
Interface  and  conpare  these  with  our  experimental  data 
for  the  same  multilayer  system. 

Many  practical  crystal  and  multilayer  systems  may 
also  have  a  mosaic  structure  (Illustrated  schematically 
In  Fig.  15)  consisting  of  small  crystal  segments  which, 
however,  are  usually  large  as  compared  with  the  wave¬ 
lengths  Involved,  and  the  normals  to  each  crystal  segment 
face  have  a  random,  small  angle  distribution  about  an 
average  normal  to  the  macroscopic  total  cryi'cal  surface. 
The  width  of  the  associated  rocking  curvp,  I(fl),  from 
such  a  mosaic  crystal  Is  thereby  Increased  by  this 
angular  distribution  width  which  Is  usual l.^r  not  predict¬ 
able.  Nevertheless,  the  total  area  under  the  rocking 
curve.  I.e.,  the  Integrated  reflectivity.  Is  not 
dependent  upon  the  degree  of  mosaic  alignment  and  can  be 
simply  calculated  using  a  kinematical  model.  This  Is 
because  one  may  usually  assume  that  the  crystal  segment 
thickness  Is  such  that  each  atomic  plane  receives 
essentially  the  same  Incident  Intensity  (negligible 
absorption  within  the  crystalllteK  Sunning  over  the 
differential  amplitudes  for  the  small  crystal  to  obtain 
the  amplitude  of  reflection  and  then  squaring  to  obtain 
the  Intensity  of  reflection  per  crystal  segment,  adding 


these  Intensities  over  the  mosaic  collection  (assuning 
their  amplitudes  are  In  random  phase)  and  finally 
Integrating  over  angles  the  Integrated  reflectivity  for 
a  mosaic  crystal,  Rd,.  Is  obtained  [2.3]  which  may  be 
written  as 


rgx‘*[(4Fi)^  ^  (♦F;)^] 
16ir6 


[1  -  exp(- 


2upt 

sine, 


)] 


„  1  +  cos^2eo 

A  I  I  —  • 


where,  for  a  finite  mosaic  crystal,  u,  p  and  t  are  the 
mass  photoionization  cross  section,  the  average  density 
and  the  thickness,  respectively. 

In  Ref.  [1]  we  have  presented  detailed  tables  and 
plots  characterizing  five  examples  each  of  the  three 
Important,  practical  analyzer  systems  that  are  effective 
In  low  energy  x-ray  spectroscopy,  viz.,  the  sputtered/- 
evaporated  multilayers,  the  molecular  multilayers 
(Langmult-Blodgett  type)  and  the  acid  phthalate 
crystals.  Presented  here  In  Figs.  16,  17  and  18  are 
examples  of  such  calculations  using  the  methods  and  the 
atomic  scattering  factors  as  described  here.  The 
calculated  characteristics  for  the  tungsten/carbon 
multilayer,  the  lead  iqyristate  molecular  multilayer  and 
the  thallium  acid  phthalate  crystal  plotted  here  are 
the  Integrated  reflectivities,  Rm,  In  mllllradlans 
(mosaic)  and  Rp  (by  Integrating  umler  the  modified 
Darwin-Prins  rocking  curve),  the  percent  reflectivity, 
P(*),  at  the  diffraction  peak,  the  fuU-wldth-at-half- 
maximum  of  the  rocking  curve  In  eV,  and  the  resolving 
power  E/AE. 

Finally  It  Is  of  considerable  current  Interest  In 
x-ray  optics  development  to  determine  the  characteris¬ 
tics  of  Bragg  reflection  from  multilayers  and  crystals 
at  near  normal  Incidence  (for  example,  for  possible 
applications  In  x-ray  Interferometers,  for  end  “mirrors" 
In  x-ray  laser  cavities,  or  for  reflective  coatings  for 
normal  Incidence  mirror  optics  for  x-ray  telescopes  vnd 
microscopes).  At  near-normal  Incidence,  the  width  of 
the  diffraction  pattern  for  a  given  wavelength  becomes 
appreciably  broadened  and  It  Is  Important  not  to 
approximate  E  as  given  exact  In  Eq.  (26)  In  terms  of  the 
difference  angle,  9  -  Sg,  as  Is  usually  done  In  x-ray 
Bragg  reflection  descriptions.  [2,3]  If  the  diffraction 
width  Is  appreciably  broadened.  It  may  be  important  not 
to  use  the  approximate  expressions  (32)  and  (33)  for  the 
structure  factor  components  but  rather  the  exact 
expressions  (8)  and  (9).  It  may  not  be  sufficiently 
accurate  to  discard  terms  of  higher  order  than  In 
either  the  characteristic  matrix  approach  [30]  or  In 
the  Darwin-Prins  approach. 

As  an  example  of  a  normal  Incidence  calculation, 
we  have  calculated  the  rocking  curve  at  about  e  -  90° 
for  a  multilayer  of  tungsten/carbon  of  r  =  0.4.  The  2d 
values  were  obtained  for  each  of  five  wavelengths  In 
the  low  energy  x-ray  region  by  maximizing  the  respec¬ 
tive  Intensities  for  90°  Incidence.  We  have  used  the 
CMA  model  relation  of  Lee  [30]  for  these  calculations 
and  have  plotted  the  diffraction  curve  for  0-Ka 
(23.6  A/525  eV)  and  have  compared  the  wavelengths  with 
the  optimized  2d-va1ues  In  Fig.  19. 


III.  CONCLUSIONS-SOME  COMPARISONS  WITH  EXPERIMENT 

The  predictions  of  the  characteristics  of  Bragg 
reflection  from  multilayers  and  crystals  are  usually 
very  sensitive  to  the  appropriateness  of  the  models 
that  are  adopted  and  to  the  atomic  scattering  factor 
data  that  Is  used.  The  experimental  characterization 
of  these  systems  can  thus  be  an  Important  test  of  the 
methods  and  of  the  atomic  scattering  factor  data  that 
have  been  presented  here. 

At  this  time.  It  Is  not  possible  to  define 
accurately  the  detailed  structure  of  the  “synthetic 
crystals"  such  as  the  sputtered/evaporated  and  the 
molecular  multilayers  as  we  might  crystallographically 


TUNGSTEN -CARBON 
2d>40A  r«0.4 


■III 

l■lllllll 


N  •  100 


■  ■■■III 

■IIIIIR 

■iiii»i 


NORMAL  INCIDENCE  REFLE 

TUNGSTEN /CARBON  MULTILAYER 


-  23.6  A 


OPTIMIZED  %.«gtfCTI0W,AT90» 
a -VALUE  CMA--LEE  OP-LEE 


■■ 

HIH 

HH 

■■■■1111^111 

■■■■iiiiaBi 

HU 

■■■■IISilHil 

mmEianmmi 

HH 

■■■■iiiimi 

■■■■iiimii 

■■SSiiiiHflll 

Figure  19 


Figure  16 


LEAD  MYRISTATE  N  =  IOO 


2d  80  A 


■■HUH 

■IIIIIH 

■IIIIW 

■IIIIIB! 

■IIIIIQI 

■IlSiir 
sai 


s 

mill 

mill 

■■cSiSSBij 

s 

m 

SBB 

■■ma 

M  ■  a  ■  ■  1 1 

■■IIIHHllI 

llillllllll 


^■1 

HH 

HHB 

IHH 

^Hi 

^Hl 

■IIQIBIIIIIHHI 

oL _ 

wo 

Figure  17 


THALLIUM  ACID  PHTHALATE 


2d  =  25.90  A 


MO  1000 

CIWI 


for  the  acid  phthalate  crystals,  for  example.  Never¬ 
theless,  Mithin  the  limits  of  experimental  uncertainty, 
we  feel  that  the  agreement  of  the  present  experimental 
data  with  the  calculations  that  have  been  described 
here  has  been  generally  very  good. 

In  Fig.  14  we  have  presented  a  comparison  of  the 
measured  values  for  the  Integrated  reflection 
from  a  tungsten/carbon  multilayer  system.  Here  we  have 
addressed  the  question  as  to  the  effect  of  a  possible 
interface  roughness  or,  equivalently,  a  graded  tungsten 
carbide  diffused  interface  upon  the  integrated 
reflectivity  (for  which  the  experimental  values  in¬ 
variably  fall  somewhat  below  predicted  values  for  the 
sputtered/evaporated  systems).  In  Figs.  20  and  21  we 
present  the  integrated  reflectivities  vs  photon  energy 
for  the  molecular  multilayer,  lead  ii\yr1state,  and  for 
the  potassium  acid  phthalate  crystal  as  calculated  by 
the  mosaic  model  and  by  the  modified  Oarwin-Prins  model. 
We  compare  these  theoretical  curves  with  our  experiment¬ 
al  values. 

It  is  very  important  to  note  here,  in  Fig.  21,  that 
the  measured  integrated  reflectivity  curve  near  the  oxy- 
gen-K  absorption  edge  (Blake  et  al.[31])  reveals  a  very 
sharp  “spike"  in  the  reflection  at  about  532  eV.  This 
is  a  rather  dramatic  example  of  threshold  structure 
that  cannot  be  predicted  with  the  calculated  scattering 
factor  data  as  has  been  discussed  in  Sec.  I.  Such 
effects  may  need  to  be  explained  on  the  basis  of  a 
detailed  consideration  of  the  electronic  states  of  the 
crystal  including  excitonic.  Presented  elsewhere  in 
these  proceedings  by  R.  L.  Blake  will  be  a  complete 
description  of  the  excellent  measurements  of  this 
threshold  resonance  reflection  effect. 
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ABSTRACT 

An  overview  of  the  calculation  of  photoionization  cross  sections  for  hv  <  1  keV  Is  presented  with  particular 
emphasis  on  providing  a  guide  for  evaluating  the  accuracy  of  theoretical  work.  An  attempt  Is  made  to  focus  upon 
the  various  approximations  made  In  each  level  of  calculation  and  point  out  In  which  ranges  they  should  be  good. 
Central-field,  Hartree-Fock ,  and  more  sophisticated  methods  are  reviewed,  particularly  as  they  apply  to  free  atoms 
and  Ions.  In  addition,  the  striking  similarity  of  such  calculated  cross  sections  to  core  level  photoemission  In 
solids  Is  pointed  out. 


I.  INTRODUCTION 

The  photoelectric  effect,  which  Is  the  overwhelm¬ 
ingly  predominant  mechanism  of  absorption  of  hv  $  IkeV 
electromagnetic  radiation  by  matter,  was  one  of  the 
earliest  harbingers  of  the  breakdown  of  classical  phys¬ 
ics.  Its  discovery,  we11  back  In  the  nineteenth  cen¬ 
tury,  was  followed  by  the  explanation  of  the  phenomenon 

In  1905  by  Einstein.^  By  the  end  of  the  1920's,  with 
the  Schrbdinger  and  Dirac  equations  on  firm  ground,  the 
basic  theory  of  photoionization  was  worked  out.  An  ex¬ 
cellent  review  which  Includes  this  theory  was  written 

In  1933  by  Bethe^;  a  slightly  later  one  on  photoioniza¬ 
tion  exclusively  was  written  In  1936  by  Hall.^ 

Once  the  theory  was  set  down,  the  problem  of  cal¬ 
culating  photoionization  cross  sections  became  one  of 
obtaining  wave  functions  for  the  Initial  discrete  and 
final  continuum  states  of  the  system.  Foi^the  hydro¬ 
gen  atom  this  can  be  done  exactly,  but  for  many  elec¬ 
tron  systems.  It  cannot.  The  thrust  of  this  paper, 
then.  Is  to  go  through  various  of  the  methodologies 
employed  for  obtaining  photoionization  cross  sections 
theoretically  with  particular  emphasis  on  the  physical 
approximations  made  at  each  level  of  calculation  as 
well  as  an  estimate  of  the  accuracy  of  each  level  along 
with  the  energy  range  1n  which  1s  expected  to  be  use¬ 
ful.  This  is  done  In  an  effort  to  give  experimental¬ 
ists  and  "consumers"  of  such  calculations  the  tools  to 
assess  the  accuracy  of  published  results  since  theor¬ 
etical  papers  rarely,  1f  ever,  include  error  bars. 

The  literature  In  this  field  is  considerable  and  it 
would  be  a  tremendous  task  to  attempt  to  give  refer¬ 
ences  to  all  of  the  relevent  papers.  Thus  indicative 
examples,  rather  than  complete  coverages,  are  aimed  at. 
In  addition,  references  are  made  to  other  reviews, 
where  possible,  in  an  attempt  to  give  access  to  as  much 
of  the  extant  literature  as  possible. 

>  In  this  paper  we  shall  restrict  out  attention  to 
the  calculation  of  total  and  subshell  cross  sections 
for  free  atoms  and  Ions.  Some  comments  shall  be  made 
about  the  applicability  of  such  results  to  solids,  how¬ 
ever.  Photoelectron  angular  distributions  shall  be 
omitted  entirely;  for  reviews  on  that  subject,  see 
Refs.  4-8. 

II.  GENERAL  THEORY  OF  PHOTOIONIZATION  CROSS  SECTIONS 

In  the  photoionization  process,  a  photon  of  energy 
hv  collides  with  a  target  In  state  1  and  gets  absorbed. 
Its  energy  going  to  an  electron  which  is  ejected  leav¬ 
ing  the  residual  ion  In  state  J,  I.e. , 

hv  +  A(1)  -  AUr  +  e-.  (1) 

Usually  1  and  j  refer  to  the  ground  states  of  A  and  A* 
respectively,  but  they  may.  In  principle,  be  excited 
states  as  well.  The  fundamental  relationship  for  the 

energetics  is  a  photoionization  process  as  given  by^ 

t  -  hu  -  I^j  (2) 

where  e  Is  the  kinetic  energy  of  the  photoelectron  and 
I^j  Is  the  Ionization  energy. 

The  photoionization  cross  section  for  a  system  In 


state  1  by  an  unpolarized  photon  beam  of  energy  hv  leav¬ 
ing  the  system  In  a  final  state  f  consisting  of  a  pho- 

g 

toelectron  of  energy  e  plus  Ions  In  state  j  Is  given  by 


o^j(E)  =  (4ii^aaJ/3g^)(e  +  Iy)|H.^p  (3) 


where  a  Is  the  fine  structure  constant  (1/137),  ao  Is 
the  Bohr  radius  (5.29  x  10*^  cm).  g.j  Is  the  statistical 
weight  of  the  Initial  discrete  state,  and  the  Ioniza¬ 
tion  energy  1^^  and  the  photoelectron  energy  e  are  ex¬ 
pressed  In  Rydbergs  (13.6  eV).  The  matrix  element,  ex¬ 
pressed  In  Rydberg  atomic  units.  Is  given  by^*^ 


I«1fl^ 


TT 


ij 


1/ 


<f|5;exp(lt 

M 


f  I1> 

w  u' 


(4) 


with  the  summation  over  1,f  being  the  sum  over  the  de¬ 
generate  Initial  and  final  states  respectively,  Is 

the  position  coordinate  of  the  yth  electron,  Ic^  Is  the 
propagation  vector  of  the  photon  (jt^l  =  2iiv/c),  and  the 

wave  functions  are  normalized  such  that  for  the  Initial 
discrete  state  |1> 


<111>  *  1,  (5) 

and  for  the  final  continuum  state  |f>(  =  |j,E>) 

<j.c|j'.E'>  •  «jjl  4(e  -  e').  (6) 

Up  to  this  point  the  theory  Is  essentially  exact. 

By  “essentially"  Is  meant  that  Eq.  (3)  Is  really  a  first- 

order  perturbation  theory. It  Is  to  be  noted,  however, 
that  the  second-order  perturbation  result  is  a  factor  of- 
a  (1/137)  smaller  than  the  first-order.  Thus,  It  Is  an 
excellent  approximation  to  neglect  It  and  all  higher 
order  contributions. 

In  addition,  for  Incident  photon  energies  below 
several  keV,  the  exp(it  •  r  )  term  in  the  matrix  ele- 

V  u 

ment  Eq.  (4)  can  be  approximated.  This  Is  done  by  not¬ 
ing  that  the  major  concentration  of  wave  function  ampli¬ 
tude  Is  around  a  distance  from  the  nucleus,  r^,  of  the 

order  of  the  Bohr  radius.  Thus,  for  photon  energies 
below  several  keV,  •  r^  Is  small  enough  so  that 

exp(lt^  •  r^)  can  be  approximated  very  well  by  unity. 

Actually,  the  approximation  for  cross  sections  Is  much 
better  than  Is  Implied  by  the  discussion.  This  Is  be¬ 
cause  expanding  the  exponential  out  gives  1  +  it  •  r 

and  taking  the  absolute  square  yields  1  +  (t^  •  r^)^  so 
we  really  need  have  only  (t^  •  r^)^  very  small  compared 

to  unity  for  the  approximation  to  be  valid.  This  approx¬ 
imation  simplifies  the  matrix  element  considerably  and 
Is  known  as  the  "dipole  approximation"  or  "neglect  of 
retardation."  The  matrix  element  M, ,  can  then  be 
wrltten’O 

"it  h ^ •  f p I ^ " r °  /J * ^ f u I ^ " r ’ ^ ^ ’ 

and  It  Is  seen  that  the  problem  of  calculation  of  photo- 
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ionization  cross  sections  reduces  to  one  of  finding 
wave  functions  for  initial  and  final  states.  The  de¬ 
tails  of  the  transformation  of  the  matrix  element  In 

Eq.  (7)  are  given  elsewhere.^’®’^® 

The  first  expression  In  Eq.  (7)  Is  known  as  the 
dipole-velocity  (or  just  “velocity")  form  of  the  matrix 
element  while  the  last  Is  the  dipole-length  (often  re¬ 
ferred  to  as  "length").  These  two  alternate  forms  of 
the  matrix  element  (actually  there  are  others  which  are 

used  Infrequently  In  practlce^’®*^®)  are  shown  to  be 
equal  when  exact  wave  functions  are  used. 

Of  course,  for  atomic  systems  other  than  hydrogen, 
exact  wave  functions  are  not  available.  In  the  case  of 
approximate  wave  functions,  the  results  of  using  the 
various  expressions  for  the  dipole  matrix  element  can 
differ  considerably  from  each  other  and  from  the  cor¬ 
rect  answer.  On  the  other  hand.  It  Is  possible  that 
both  expressions  might  give  the  same  result  with  ap¬ 
proximate  wave  functions,  and  that  this  result  might 
still  be  Incorrect.  This  point  will  be  discussed  fur¬ 
ther  In  connection  with  central  field  wave  functions 
below.  We  thus  see  that  equality  among  the  results  of 
the  alternative  forms  of  the  dipole  matrix  element  Is 
a  necessary  but  not  sufficient  condition  for  the  cor¬ 
rectness  of  that  result.  The  question  as  to  which  form 
of  the  matrix  element  should  be  more  accurate  has  been 
12-15 

discussed,  but  no  definitive  conclusion  has  been 
reached. 

III.  CENTRAL  FIELD  CALCULATIONS 


The  simplest  type  of  wave  functions  which  are  use¬ 
ful  In  calculating  photoionization  cross  sections  are 
those  based  on  a  central-field  approximation  to  the 
exact  Hamiltonian,  I.e.,  one  considers  the  solution  to 
the  approximate  Hamiltonian 


H  =  Z[(p2/2m)  +  U(r  )]  (8) 

u 

for  the  Initial  and  final  states  of  the  atom  or  Ion. 
Note  that  t'(r„),  the  central  potential  seen  by  each 

electron.  Is  function  of  scalar  r^  only.  The  solu-^ 
tions  to  Hjj  «Lre  antlsymnetrlc  products  of  one-electron 
wave  functions,  r*V  ^^(r)Y™(0,*)  (r'V  ^^(r)Y™(9,0) 

for  continuum  electrons].  The  radial  parts  of  the  one- 
electron  functions  are  solutions  to  the  one-body 
Schrodinger  equation 

I  -  U(r)  +  ElP(r)  =  0  (9) 

for  both  discrete  and  continuum  functions.  Eq.  (9)  has 
r  In  atomic  units  and  energies  In  Rydbergs.  In  using 
central-field  wave  functions,  then,  only  the  one  elec¬ 
tron  Is  permitted  to  change  quantum  numbers  In  the 
photoionization  process  or  the  matrix  element  vanishes. 
Thus,  multiple  transitions  are  specifically  excluded. 
Further,  since  the  Initial  and  final  states  are  solu¬ 
tions  to  the  Schrbdinger  equation  In  the  same  central 
U(r),  the  orbitals  not  directly  Involved  In  the  photo- 
ionizing  transition  remain  unchanged.  The  rearrange¬ 
ment  of  the  remaining  electrons  after  a  transition  is 
known  as  core  relaxation,  I.e.,  core  relaxation  effects 
are  excluded  In  the  central-field  model.  Therefore, 
the  nonparticipating  orbitals  Integrate  out  to  unity  In 
the  dipole  matrix  element  and  the  photoionization  cross 
section  for  an  n1  electron  can  be  written  In  dipole- 

length  form  as^® 


(lR,.l(c)2  +  (Hl)R,^l(e)2), 


(10) 


with  the  binding  energy  of  an  n1  electron  (explic¬ 
itly  negative),  N^^  the  occupation  number  of  the  n1 


subshell,  and  the  matrix  element 

where  the  continuum  normalization,  from  Eq.  (6)  takes 
the  form 

Pelt'")  r  - 

-e'^ln  2e**r  +  a.(e)  +  6,(e)], 

^  ’  (12) 

where  a^(E)  =  Arg  r(l  +  1  -  1e’**)  and  6^(e)  Is  the 

Is  the  phase  shift.  It  Is  thus  seen  that  the  central - 
field  calculation  reduces  the  problem  to  a  one-electron 
model  of  the  photoionization  process  Involving  only  the 
wave  function  of  the  photoelectron  before  and  after  the 
photoionization,  and  a  single-electron  Hamiltonian 

hp  =  (p2/2m)  +  U(r)  (13) 

to  which  each  Is  a  solution. 

An  interesting  property  of  the  one-electron  model 
Is  that  the  various  alternative  forms  of  the  dipole 

14 

matrix  element,  discussed  above,  must  be  equal  which 
shows  that  equality  of  "length"  and  "velocity"  is  no 
guarantee  of  agreement  with  experiment.  In  the  central 
field  case  the  alternative  forms  of  the  dipole  matrix 
element,  then,  give  no  Information  as  to  how  close  to 
experiment  the  results  of  a  central-field  calculation 
are.  They  do,  however,  provide  a  powerful  check  on  the 
numberical  methods  used  In  the  computation.  It 'is  al¬ 
most  Impossible,  for  example,  to  have  an  error  In  the 
calculation  of  the  dipole  matrix  element  and  still  re¬ 
tain  the  equality  of  length  and  velocity. 

Up  to  this  point,  the  detailed  form  of  the  central 
potential  has  not  been  dealt  with.  A  number  of  choices 

exist  and  discussion  of  them  Is  treated  elsewhere.^  It 
must  be  pointed  out,  however,  that  a  reasonable  poten¬ 
tial  must  have  the  correct  boundary  conditions 

In  Rydbergs.  A  number  of  such  potentials  have  been  used 
but  the  most  common  Is  the  Hartree-Slater  (HS)  poten- 
17  18 

tial  ’  with  which  numerous  calculations  have  been  per¬ 
formed  for  both  atoms^'^’^®’^*^  and  ions.^^ 

The  strengths  and  weaknesses  of  such  an  approach 
can  best  be  spotlighted  by  examples.  In  Fig.  1,  the 
calculated  total  photoionization  cross  section  for 
19 

xenon  from  threshold  to  above  1  keV  Is  shown,  along 

with  experimental  results.  From  this  figure,  very 

good  overall  agreement  In  general  shape  Is  found.  In 
addition  away  from  the  5p  and  4d  (N^  g)  thresholds, 

quantitative  agreement  Is  pretty  good  as  well.  Near 
those  thresholds,  however,  there  are  discrepancies  be¬ 
tween  the  central  field  calculation  and  experiment  which 
are  as  large  as  a  factor  of  two. 

Fig.  1  also  exhibits  some  of  the  Important  features 
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of  photolonlzatlon  cross  sections.  One  Is  the  fact 
that  each  subshell  cross  section  does  not  necessarily 
decrease  monotonically  from  threshold.  These  maxima 

IQ 

above  threshold  are  called  delayed  maxima  and  are 
caused  by  the  angular  momentum  barriers  In  the  nl+cl+i 
photoionization  channels.  The  effective  potential,  as 
seen  by  the  continuum  electron,  has  a  repulsive  centri¬ 
fugal  term  which  keeps  the  HI  continuum  wave  function 
very  small  In  the  core  region  near  threshold.  Thus  the 
overlap  with  the  bound  state  wave  function  Is  small, 
making  the  matrix  element  small  and,  thereby,  the  cross 
section  small.  With  Increasing  energy,  however,  the 
continuum  wave  function  beolns  to  penetrate  the  barrier. 
Increasing  the  overlap  and  Increasing  the  cross  section 
above  the  threshold  value.  As  an  example,  the  wave 
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Fig.  1.  Photoionization  cross  section  of  xenon.  The 

total  and  subshell  central  field  HS  results^^  are  shown 
in  solid  and  dashed  curves  respectively,  and  the  exper¬ 
imental  results  are  shown  as  circles, squares, and 
23 

triangles. 


just  cancel  the  negative  contributions,  a  zero  occurs 
in  the  1  1  1  dipole  matrix  element.  In  general  it 

is  not  a  zero  minimum,  even  in  the  subshell  cross  sec¬ 
tion,  because  the  degenerate  1  1  -  1  transition  ma¬ 

trix  element  does  not  vanish. 

In  any  case,  it  is  seen  from  Fig.  1  that  the  HS 
calculation  does  a  reasonable  job  of  reproducing  both 
the  delayed  maxima  and  the  Cooper  minimum.  In  fact,  it 
is  quite  good  in  the  region  between  about  150  eV  and 
700  eV  where  the  dominant  contribution  to  the  total 
cross  section  comes  from  the  second  maximum  in  the  4d 
cross  section. 

The  discrepancies  between  theory  and  experiment 
near  the  thresholds  are  due  to  the  fact  that  correla¬ 
tion  is  not  included  and  that  exchange  is  included  only 
approximately  v^  a  central  field.  Before  proceeding 
to  a  discussion  of  more  exact  treatments  of  photoion¬ 
ization,  it  is  worthwhile  to  point  out  how  the  central 
field  model  applies  to  photoionization  of  ions. 

For  ions,  there  are  only  a  very  few  photoionization 

measurements  for  singly  charged  ions  (Li,  Na,  and 

Ar^)  and  none  at  all  for  multicharged  ions.  Despite 
this  lack  of  experimental  information,  some  general 
idea  of  the  accuracy  of  central  field  calculation  can 
be  obtained  by  extrapolation  from  the  neutrals.  Look¬ 
ing  at  the  Hamiltonian  for  an  atom  or  ion  with  nuclear 
charge  Z, 
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we  note  that  it  is  the  last  term,  the  interelectron 
repulsion,  that  is  a  non-central  force  so  it  is  just 
this  term  that  is  being  approximated  in  a  central  field 
model.  Noting  further  that  1/r^  and  l/r^j  vary  as  Z, 

roughly  speaking,  then  the  central  nuclear  attraction 
goes  as  -Z^  while  the  non-central  term  goes  as  -Z. 

Thus  the  ratio  of  the  non-central  to  the  central  poten¬ 
tial  is  -1/Z  so  that  going  along  an  isoelectronic  se¬ 
quence,  i.e.,  increasing  Z  with  a  constant  number  of 
electrons,  the  non-central  term  becomes  a  smaller  part 
of  the  total  Hamiltonian.  Since  this  is  the  very  term 
being  approximated,  the  approximation  gets  better  for 

ions  as  opposed  to  atoms. Thus  we  conclude  that 
central  field  calculations  will  give  about  ±20%  accur¬ 
acy  for  atoms  away  from  threshold  features  such  as  de¬ 
layed  maxima  and  Cooper  minima;  in  the  vicinity  of  the 
features  the  accuracy  will  be  only  a  factor  of  two. 

For  ions,  the  situation  improves  slowly  as  we  go  to 
higher  and  higher  charge  states  for  reasons  described 
above  as  well  as  the  fact  that  the  various  features 
move  below  threshold  with  increasing  stage  of  ioniza¬ 
tion.  A  tabulation  of  total  cross  sections  for  all 
atoms  and  ions  with  Z  <  30  predicted  by  the  HS  central 
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field  calculation  has  been  published. 

IV.  HARTREE-FOCK  CALCULATIONS 


Fig.  2.  The  normalized  3d  and  cf  HS  central  field  wave 

IQ 

functions  for  krypton. 


functions  for  the  3d  cf  transition  in  krypton^®  are 
shown  in  Fig.  2  for  two  different  continuum  energies 
where  the  "penetration"  of  the  continuum  wave  function 
with  increasing  energy  is  clearly  seen. 

Another  feature  shown  in  Fig.  1  is  a  minimum  in  a 
subshell  cross  section  (and  Indeed  in  the  total  cross 
section)  for  the  4d  subshell  at  hv  *  140  eV.  This  min- 

imun,  known  as  a  Cooper  minimum, is  caused  by  the 
complicated  overlap  between  discrete  and  continuum  wave 
functions  in  the  1  1  +  i  transitions  of  outer  and  near 

outer  subshells  whose  wave  functions  are  not  nodeless, 
i.e.,  not  Is,  2p,  3d,  or  4f.  When  the  overlap  is  such 
that  the  positive  contributions  to  the  matrix  element 


The  simplicity  of  wave  functions  consisting  of 
28 

single  Slater  determinants  ,  i.e.,  antisyiwnetric  prod¬ 
ucts  of  one-electron  functions,  can  be  maintained  while 
still  treating  exchange  correctly.  This  is  the  Hartree- 
29 

Fock  (HF)  method.  For  calculations  of  discrete  state 
wave  functions,  the  method  has  been-  reviewed  by 
29  ‘VI  2ft 

Hartree  ’  and  Slater  among  others.  In  addition, 
recent  tabulations  of  extensive  sets  of  HF  discrete 

state  wave  functions  have  been  reported. Basically 
the  method  Involves  setting  up  a  wave  function  ik  for 
the  system  in  question,  which  is  an  antisymmetric  prod¬ 
uct  of  one-electron  functions,  r*^P^|(r)ylj'(o,*),  or, 

more  generally,  a  linear  combination  of  such  products 
so  as  to  correctly  resent  the  angular  momentum  coup¬ 
lings  of  many-electron  system.  The  ^^^(r)  are  treated 

as  unknowns  and  the  so-called  energy  functional 
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<y|H|f>  Is  constructed;  H  Is  the  exact  nonrelativistic 
Hamiltonian.  The  variation  principle  Is  then  applied 
to  this  functional  subject  to  the  constraints  of  the 
orthonormallty  of  the  one-electron  functions.  This 
results  In  a  set  of  self-consistent  coupled  Integro- 
dlfferentlat  equations  for  the  which  can  then  be 

solved,  yielding  the  HF  wave  functions  for  the  given 
state.  Note  that  the  HF  wave  function  Is  the  most  ac¬ 
curate  Independent-particle  wave  possible  since  It  Is 
obtained  via  the  variation  principle. 

Dealing  with  the  final  continuum  state  resulting 
from  the  photoionization  process  Is  more  difficult 
since  the  HF  problem  Is  not  defined  for  wave  functions 
containing  continuum  orbitals.  This  Is  because  the  HF 
method  solves  for  each  orbital  In  the  field  generated 
by  the  charge  distribution  of  the  other  orbitals.  The 
charge  distribution  for  a  continuum  orbital  Is  not  de¬ 
fined  since  continuum  orbitals  are  non-normal Izable. 

Thus,  one  proceeds  as  follows:  first  a  HF  calculation 
for  the  residual  Ion  core  minus  photoelectron  Is  per¬ 
formed.  This  can  be  done  by  ordinary  discrete  state  HF 
procedures  as  described  above,  although  some  extra  care 
must  be  taken  when  the  photoelectron  comes  from  an 
inner  shell  and  the  ion  core  Is  in  an  excited  state 

well  above  the  ionization  threshold.  This  done,  the 
core  orbitals  are  forzen  and  the  above  HF  procedure  can 
be  carried  out  for  the  total  Ion  core  plus  photoelec¬ 
tron  final  state  with  only  the  radial  part  of  the  con¬ 
tinuum  orbital,  Pci(r),  unknown.  This  procedure  yields 
a  single  Integrodifferentlal  equation  for  P^iCr)  which 

is  known  as  the  continuum  HF  equation.  The  details  of 
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this  method  for  various  cases  are  given  elsewhere. 

As  an  example  of  the  accuracy  of  the  HF  method. 

Fig.  3  shows  the  situation  for  the  total  cross  section 
36 

in  xenon,  just  as  was  shown  In  Fig.  1  for  the  central 
field  calculation.  Here  we  see  that  the  agreement  with 
experiment  is  considerably  better  than  before,  although 
there  still  are  discrepencles  In  the  regions  close  to 
the  various  thresholds,  but  not  longer  a  factor  of  two 
but  only  as  bad  as  40-50%.  Further  the  difference  be¬ 
tween  "length"  and  "velocity"  results  really  do  give  an 
indication  of  the  accuracy  of  the  calculated  cross  sec¬ 
tions,  Thus  HF  represents  a  considerable  Improvement 
over  a  central  field  calculation,  showing  the  Importance 
of  the  exchange  interaction.  The  remaining  discrepen¬ 
cles  are  due  to  the  neglect  of  correlation,  which  must 
be  Included  either  explicitly  or  via  multiconfiguration 
wave  functions  for  quantitative  accuracy  near  the  outer 
shell  thresholds  where  delayed  maxima  and  Cooper  minima 
are  exhibited.  Where  these  features  are  not  manifested, 

as  In  the  case  of  neon^®  shown  in  Fig.  4,  we  find  excell- 


Wwtwi  i—Bf  UV> 


Fig.  3.  Total  photoionization  cross  section  for  Xe. 
The  theoretical  HF  results  In  "length"  and  "velocity" 

approximations  are  shown^^  along  with  experimental 
results  as  In  Fig.  1. 


Fig.  4.  Total  photoionization  cross  section  for  Ne. 

The  theoretical  HF  results  in  "length"  and  "velocity" 

approximations  are  shown along  with  experimental 
results  as  In  Fig.  1. 

ent  agreement  with  experiment  as  well  as  excellent 
agreement  between  "length"  and  "velocity". 

V.  SOPHISTICATED  CALCULATIONS 

To  go  beyond  the  HF  approximation,  correlation 
must  be  Included.  The  way  this  is  generally  done  is  by 
employing  multiconfiguration  wave  functions  for  initial 
and  final  states  of  the  system.  There  are  a  number  of 
methodologies  employed  for  these  calculations  which 
strive  for  quantitative  accuracy,  notably  many-body- 
perturbation-theory  (MBPT),  the  random  phase  approxima¬ 
tion,  (RPA),  and  R-matrix  theory.  MBPT  Is,  as  the  name 
Implies,  a  form  of  perturbation  theory,  developed  some 
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years  ago.  It  can  In  principle,  be  carried  out  to 

arbitrarily  high  order  for  as  much  accuracy  as  one 
might  wish.  It  does  however,  have  Infinite  sums  as  do 
all  perturbation  theories  and  so,  in  practice,  approx¬ 
imations  must  be  made,  but  it  Is  still  a  very  useful 

technique. The  RPA  calculation  is,  in  some  ways, 
closely  related  to  MBPT,  although  it  can  be  derived  in 

other  ways  also.^^’^^  In  essence  RPA  represents  the 
sum  to  infinite  order  of  certain  classes  of  perturba¬ 
tion  terms  In  MBPT,  generally  via  the  solution  of 
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coupled  inteqro-differentlal  equations.  ’  Other 
classes  of  perturbation  terms  are  omitted  entirely, 
however.  Thus,  in  a  given  situation,  RPA  may  or  may 
not  be  a  useful  technique,  depending  upon  which  pertur¬ 
bation  terms  are  of  importance.  A  further  advantage  of 
RPA  is  that  the  equality  of  "length"  and  "velocity"  Is 
preserved  but,  at  present,  its  applicability  is  limited 
to  closed  shell  systems.  .c 

The  R-matrIx  method,  as  used,  ’  Is  essentially  a 
scheme  in  which  the  exact  wave  function  Is  expanded  In 
th"  large  r  region  In  a  complete  set  (which  Is,  of 
•  se.  Infinite)  and  truncated.  Certain  of  the  terms 
■he  wave  function,  those  referring  to  the  continuum 
piiotoelectron,  are  left  undetermined  and  they  are  ob¬ 
tained  using  a  variational  principle. This  might 
be  considered  multiconfiguration  Hartree-Fock.  In 
addition.  In  the  Inner  region,  the  photoelectron  Is 
treated  on  the  same  footing  as  the  bound  electrons,  and 
a  different  expansion  Is  used.  The  Inner  and  outer 
wave  functions  are  joined  at  some  Intermediate  value  of 
4c  47 

r  using  the  R-matrix.  *  The  treatment  of  the  wave 
function  In  the  outer  region  Is  known  as  the  close 

coupling  approximation.^®  In  this  method  the  crucial 
point  Is  which  terms  are  to  be  Included  In  the  truncat- 
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ed  sumnatlon. 

As  an  example  of  the  utility  of  these  inethods,  the 
threshold  region  for  the  photoionization  of  argon  Is 


Fig.  5.  Total  photoionization  cross  section  of  argon. 

The  theoretical  RPa/^  R-matrlx/®  and  HF^®  results  are 
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shown  along  with  the  experimental  *  results. 
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experimental  cross  section  has  a  Cooper  minimum 
about  10  eV  above  threshold  and  these  results  are  quite 

well  represented  by  both  R-matr1x^  and  RPA®^'®^  but 

not  by  the  HF  calculation  which  shows  no  minimum. 

In  a  case  like  this,  then,  correlation  must  be  Included 
to  get  even  qualitative  agreement  with  experiment. 

VI.  APPLICATION  TO  SOLID  PHOTOABSORPTION 

Photoabsorption  of  core  levels,  I.e.,  Inner  shells 
In  solids  occurs  on  a  distance  scale  small  compared  to 
atomic  dimensions  and,  therefore,  to  first  approxima¬ 
tion,  the  solid  state  environment  should  not  affect  the 
photoionization  very  much.  This  Idea  has  been  scru- 
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tinized  In  considerable  detail  and  found  to  be  gen¬ 
erally  true.  As  an  example,  consider  the  case  of  solid 
Au  shown  In  Fig.  7.  The  atomic  HS  central  field  cross 

section^®’®®  Is  compared  with  the  measured  results®^'®® 
In  the  solid.  It  Is  seen,  from  this  comparison,  that 
agreement  Is  quantitatively  excellent  for  hv  >  200  eV 
and  qualitatively  quite  good  for  100  eV  below  that. 

This  shows  that  simple  atomic  calculations  can  serve 
as  useful  first  approximation  to  the  photolonlzatlon  of 
Inner  shells  of  solids.  Since,  however,  the  outer 
shell  structure  of  an  atom  changes  from  Its  free  state 
to  the  solid,  thus  changing  the  exchange  and  correla¬ 
tion  Interactions,  the  more  sophisticated  methods  dis¬ 
cussed  above  should  not  be  applied  unmodified  to  solids. 
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ed  summation. 

As  an  example  of  the  utility  of  these  methods,  the 
threshold  region  for  the  photoionization  of  argon  Is 
shown  In  Fig.  5  (note  the  linear  scale)  where  It  Is 

seen  that  the  HF  results^  are  fair  but  both  RPA^^  and 

R-matr1x^®  give  excellent  agreement  with  experiment?®’®® 

In  other  Instances,  however,  correlation  can  play 
a  much  larger  role.  This  occurs  particularly  when  the 
photoionization  of  a  subshell  with  a  small  cross  sec¬ 
tion  Is  degenerate  with  one  having  a  large  cross  sec¬ 
tion,  I.e.,  when  a  given  photon  can  Ionize  from  both 
subshells,  one  with  a  much  greater  cross  section.  Such 
a  case  occurs  for  Ar  3s  since  It  Is  so  close  to  Ar  3p 
so  that  multiconfiguratlon  effects  are  crucial.  The 
situation  Is  shown  In  Fig.  6  where  Is  Is  seen  that  the 
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Fig.  6.  Argon  3s  subshell  photoionization  cross  sec¬ 
tion.  The  theoretical  RPA,®®  simplified  SRPA,®^ 
R-matr1x,  and  HF  results  are  shown  along  with  the 
experimental®^’®^  results. 


h.(eV) 

Fig.  7.  Photoionization  coefficient  (proportional  to 
the  photoionization  cross  section)  for  gold.  The  dashed 

IQ  ^ 

curve  Is  the  free  atom  HS  central  field  result  ’  and 

the  solid  curve  Is  the  experimental  result®^'®®  for 
solid  gold. 
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ABSTRACT 

A  review  of  grazlng-lncldence  optical  design  fundamentals  Is  presented  with  special  emphasis  on  mirror 
material  and  surface  roughness  considerations.  Angle-resolved  scattering  results  on  polished  and  diamond-turned 
soft  x-ray  mirrors  are  reviewed,  along  with  the  elements  of  optical  scattering  theory  applied  to  soft  x-rays. 
Reflective  filtering  of  higher-order  radiation  In  monochromator  output  beams  Is  presented,  comparing  the  trans¬ 
mission  and  rejection  characteristics  of  one-,  two-,  and  three-reflection  filters. 


1.  INTRODUCTION 

The  need  for  higher-order  rejection  or  low-pass 
filters  In  monochromatlzed  soft  x-ray  (SXR)  synchrotron 
radiation  beam  lines  has  long  been  recognized.  As  much 
as  90Z  of  the  radiation  emerging  from  the  monochromator 
nay  be  second-  or  third-order  diffraction  by  the  grat¬ 
ing.  This  poor  higher-order  rejection  by  grazlng- 
lncldence  grating  monochromators  Is  due  to  the  difficul¬ 
ties  In  utilizing  grating  blaze  for  higher-order  rejec¬ 
tion  as  Is  done  so  effectively  In  visible  and  Infrared 
monochromators.  The  SXR  gratings  diffract  radiation 
only  a  few  degrees  (1  to  5  degrees  In  the  "grasshopper,” 
for  example)  and  are  usually  scanned  over  large  spectral 
ranges.  The  small  diffraction  angles  between  orders 
leave  little  margin  for  the  groove  shape  or  reflectance 
to  effect  significant  shifts  of  energy  among  diffraction 
orders.  External  filters  are  needed  to  purify  the 
monochromatlzed  radiation. 


The  (real)  energy-reflection  coefficients  are  simply 
the  absolute  squares: 


* 

R  -  r  r 
P  P  P 

* 

R  r  r 
s  s  s 


(3a) 

(3b) 


If  ?  or  i?  Is  known,  the  reflectance  of  a  surface  may  be 
calculated  for  any  frequency,  polarization,  or  Inci¬ 
dence  angle,  provided  certain  conditions  are  met. 


The  first  of  these  conditions  concerns  the  surface 
curvature.  Because  the  Fresnel  equations  are  derived 
from  a  consideration  of  plane  waves  Incident  on  a 
planar  boundary,  the  results  are  only  accurate  when  the 
radius  of  curvature  of  the  surface  Rc  »  1  “  c/v. 

This  condition  Is  not  a  problem  due  to  the  smallness  of 

X. 


After  tutorlally  reviewing  the  principles  of 
glanclng-lncldence  optics  and  the  concepts  of  scatter¬ 
ing  by  surface  mlcrolrregularltles,  both  applied  to 
SXR  mirrors,  we  present  an  analysis  of  reflective 
filtering  for  hannonlc  rejection  In  SXR  beam  lines. 
Single-,  double-,  and  triple-reflection  filters  are 
considered  specifically,  and  expected  rejection  ratios, 
spectral  ranges,  and  filter  transmission  values  are 
tabulated.  Effective  filtering  can  be  accomplished 
without  unreasonable  transmission  losses,  but  there 
appears  to  be  no  magic  reflection  filter  with  high 
performance  over  wide  spectral  ranges. 

Section  2  reviews  the  principles  of  glanclng- 
lncldence  reflection  optics,  and  Section  3  reviews  the 
concepts  and  data  of  SXR  scattering  by  mirror  surfaces. 
Including  diamond-turned  mirrors.  Section  4  presents 
the  filter  analysis. 

2.  FRESNEL  EQUATIONS  AND 
"TOTAL  EXTERNAL  REFLECTANCE" 

The  phenomenological  laws  for  reflection,  trans¬ 
mission,  and  absorption  of  light  are  the  Fresnel 
equations  (1).  For  application  to  x-ray  wavelengths, 
these  may  be  written  In  terms  of  the  glanclng-lncldence 
angle,  6,  and  the  complex  dielectric  constant,  ?,  or 
the  complex  refractive  Index,  n: 

e  -  (n)^  -  n^  -  k^  +  21nk  .  (1) 

The  complex  reflection  coefficients  for  p-  or  s-polar- 
Ized  radiation  are,  according  to  the  gresnel  equations. 


t  sinO 

-  /g  -  cos'^e 

(2a) 

c  sln6 
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sln0  - 

/e  -  cos'^e 

(2b) 

8ln6  + 

/c  -  cos^0 

These  coefficients  multiply  the  Incident-wave  amplitude 
to  produce  the  reflected-wave  amplitude,  which  Is 
generally  shifted  In  phase  In  the  reflection  process. 


The  second  condition  Is  of  considerably  greater 
Importance  In  the  SXR  spectrum.  The  dielectric  func¬ 
tion  asstmed  In  Maxwell's  equations,  and  therefore  also 
In  Fj^esnel's  ^qugtJ.ons,  iq  bgsed  on  g  Qontjlnuuq  model 
for  the  reflecting  medium.  Anisotropy  Is  accoimiodated 
by  using  a  second-rank  tensor  for  e.  This  approach 
accounts  for  the  anisotropic  reflection  of  light  from 
single  crystals  of  low  symmetry.  However,  the  atomic 
nature  of  the  reflecting  medium  clearly  becomes  of 
greater  Importance  as  the  wavelength  of  Interest 
becomes  shorter.  We  may  ask  at  what  x-ray  wavelength 
does  the  dielectric  model  break  down?  This  question 
was  treated  both  theoretically  and  experimentally  by 
A.  H.  Compton  In  1922  (2)  and  by  others  more  recently 
(3,4).  Briefly,  an  extension  of  the  dielectric  model 
to  the  x-ray  spectrum  can  be  made  by  considering  t  to 
be  a  function  of  the  photon  momentum,  hK,  and  the 
reciprocal  lattice  vectors,  '5(h,k,l),  of  the  (atomic) 
reflecting  crystal.  The  set  of  Miller  Indices  for  a 
crystalline  plane  Is  designated  (h,k,l).  The  Bragg 
diffraction  directions, 

S  +  g  .  (4) 

where  k  and  are  any  reciprocal-lattice  points  on  the 
Ewald  sphere  (5)  and  ^  Is  the  reciprocal-lattice  vector 
connecting  them,  are  represented  In  the  dielectric 
function,  e. 

Fresnel  reflection,  on  the  other  hand.  Is  repre¬ 
sented  by  f  ~  0,  Implying  no  diffraction  by  the  crystal 
lattice.  Fresnel  reflection  Is  represented  Instead  by 
the  momentum  change 

K  +  n(k*n)  ,  (5) 

where  n  Is  the  unit  surface  normal.  The  strength  of 
the  Fresnel  reflection  Is  determined  In  the  normal  way 
by  the  polarizability  of  the  electrons  (or  at.. .a)  for 
given  values  of  the  Incident  photon  momentum,  hiti  the 
frequency,  v,  and  the  surface  normal  direction,  n, 
relative  to  the  crystalline  lattice.  It  Is  now  clear 
that  coherent  polarization  which  Is  responsible  for 
Bragg  scattering  Is  Included  In  t  and  may  Influence  the 
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strength  of  the  Fresnel  reflection  when  n  and  k  are 
appropriately  chosen.  The  genersl  question  of  the 
relative  strengths  of  Fresnel  and  Bragg  reflections  Is 
both  coapllcated  and  Important.  Neither  experimental 
nor  theoretical  treatments  currently  available  are 
adequate  to  describe  the  reflectance  of  x-ray  mirrors 
In  detail,  however. 

The  dielectric  function  phenomenologically  con¬ 
tains  the  ability  of  the  electrons  to  respond  to  an 
electromagnetic  field  of  frequency  v.  At  optical 
frequencies,  the  valence  electrons  respond  most  effec¬ 
tively  and  their  oscillation  at  frequency  v  radiates 
the  reflected  wave,  which  by  Interference  modifies  the 
transmitted  wave  and  accounts  for  surface  absorption. 

As  the  frequency  Is  Increased,  the  valence  electrons 
eventually  cease  to  follow  the  field,  and  their  "oscil¬ 
lator  strength"  Is  said  to  become  exhausted.  This  may 
be  calculated  using  a  "sun  rule"  (6) .  The  value  of  the 
dielectric  function  diminishes  as  hv  Increases  beyond 
the  valence-band  energy,  producing  a  characteristic 
decrease  In  the  normal-incidence  reflectance  approxi¬ 
mately  proportional  to  X**,  as  long  as  core-electron 
responses  remain  negligible  (7) .  When  the  photon 
energy  Is  comparable  to  or  greater  than  the  binding 
energy  of  a  core  shell,  additional  oscillator  strength 
becomes  available  for  the  dielectric  function.  This 
results  In  shoulders  or  peaks  In  the  reflectance  spec¬ 
trum  near  the  core-electron  energies.  The  additional 
oscillator  strength  Is  not  large,  generally,  and  also 
becomes  exhausted  as  the  photon  energy  Is  Increased 
still  more.  However,  the  core-electron  response  plays 
an  Important  role  In  the  behavior  of  x-ray  mirrors  and 
reflective  filters,  as  we  describe  below. 

A  third  condition  for  the  validity  of  the  Fresnel 
equations  is  the  assumption  of  a  planar  (e.g. ,  smooth) 
reflecting  surface.  Real  surfaces  are  rough  micro¬ 
scopically.  We  discuss  some  of  the  consequences  of 
surface  microroughness  In  Section  3. 


In  the  application  of  the  Fresnel  equations  to  x- 
ray  mirrors.  It  Is  the  glancl<  ^-incidence  behavior 
which  Is  of  Importance.  gure  X  Illustrates  the 


Ftg.  1.  Total  external  reflectance  behavior.  The 
reflectance  vs  Incidence  angle,  a.  Is  shown  for  several 
values  of  the  extinction  coefficient,  k,  as  calculated 
from  Eqs.  2(a)  and  3(a).  The  refractive  index  n  •  0.99, 
yielding  a  critical  angle.  Sc  “  8.1  degrees. 


phenomenon  known  as  "total  external  reflectance." 
Although  never  quite  "total,"  very  high  reflectance 
values  are  observed  for  small  glanclng-lncldence  angles 
for  some  materials  In  certain  spectral  regions  of  the 
x-ray  spectrum.  Figure  1  shows  a  series  of  curves  of 
reflectance  vs  Incidence  angle,  as  calculated  from  Eqs. 
(2b)  and  (3b),  in  %diich  the  extinction  coefficient,  k 
(the  imaginary  part  of  the  refractive  Index),  Is  allowed 
to  vary.  For  very  small  k,  the  reflectance  Is  high 
from  grazing  incidence  to  a  certain  critical  angle  6^, 
beyond  which  It  drops  off  sharply.  On  the  other  hand, 
for  large  k  the  reflectance  decreases  monotonlcally  and 
with  positive  curvature  over  the  entire  range  of  angles. 
If  the  "total  reflectance"  p  enomenon  is  defined  to 
occur  only  when  there  exists  an  inflection  point  In  the 
R(6)  curve,  then  the  necessary  conditions  for  "total 
reflectance"  are: 


6  i  1  -  n  >  0 
k  <  0.636 


(6) 

(7) 


When  these  conditions  are  met,  the  critical  angle  Is 

0  *  cos”^n  ^  .  (8) 


Equation  (8)  Is  most  easily  derived  by  setting  k 
(or  £2  ”  0)  in  Eq.  (2)  and  observing  that  R  •  r*r 


provldlni 


ding 


(1  -  6)^  <  cos^0.  Then  cosB,.  “  n  and 
6^  %  /26  for  small  values  of  6,..  Figure  2  shows 
spectral  regions  where  Eqs.  (6)  and  (7)  are  met  for 
several  materials,  and  Table  I  shows  the  critical 
angles  derived  from  published  optical  constants  for 
some  of  these  regions. 


Fig.  2.  Spectral  regions  displaying  total  reflectance 
for  several  materials.  Using  the  optical  constants  of 
Ref.  27,  the  conditions  of  Eqs.  6  and  7  are  satisfied 
only  within  the  shaded  areas. 


Although  clearly  useful,  the  total  reflectance 
phenomenon  Is  usually  not  so  dramatic  as  might  be  hoped 
due  to  the  dlrth  of  small  k/6  ratios.  From  Fig.  1,  it 
can  be  noted  that  unless  k/6  ~  0.1,  the  reflectance  for 
0  <  9  <  6c  drops  considerably  below  unity.  Neverthe¬ 
less,  reflectance  values  above  O.S  for  grazlng-lncidence 
SXR  mirrors  can  be  obtained.  It  becomes  isore  difficult 
when  broad-spectrum,  hlgh-reflectance  mirrors  are 
required,  as  Fig.  2  and  Table  I  Illustrate. 
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TABLE  I.  Approxlaate  Critical  Angles  for 
Several  Materials. 


The  upper  range  Is  the  photon-energy  range,  and  the 
lower  range  Is  the  corresponding  critical-angle  range. 
Data  of  Ref.  27  was  used. 


c 

48 

- 

280 

450 

- 

>1000 

23' 

- 

2.6' 

3.6' 

- 

<1.8* 

Mg 

9.8 

41 

170 

1280 

86' 

- 

11' 

7.7* 

- 

0.5* 

A1 

12.5 

60 

300 

900 

86' 

- 

7.3' 

7 

AI2O3 

138 

. 

>1000 

12' 

- 

<1.8' 

Cu 

300 

~6000 

8.9' 

- 

<2. 6' 

Ag 

90 

_ 

300 

800 

- 

1600 

32' 

- 

5.1' 

4.1' 

- 

2.6* 

Au 

87 

195 

800 

3000 

30' 

- 

11' 

4.4* 

- 

2.6' 

3.  SCATTERING  THEORY  AND  EXPERIMENT 

Radiation  Incident  on  an  Interface  between  media 
with  dlsslisllar  dielectric  constants  may  be  reflected, 
absorbed,  transmitted,  or  scattered.  The  fraction 
scattered,  S,  Is  often  a  great  problem  because  It 
limits  the  dynamic  range  of  the  detector  and  produces 
systematic  errors  In  experiments.  Neither  the  theory 
nor  the  measurement  of  S  has  been  adequately  studied  In 
the  x-ray  spectrum,  making  compensation  for  the  scat¬ 
tered  background  difficult.  We  suanarlze  here  the 
curtent  understanding  of  scattering  by  islrrors  prepared 
either  by  diamond  turning  or  conventional  polishing. 

Early  work  on  optical  scattering  highlighted  the 
dominance  of  surlace  mlcrolrregularltles  over  scratches 
and  digs  as  the  source  of  scattering  (8) .  Scratches 
and  digs  represent  a  small  surface  area,  while  the 
microroughness  left  on  the  surface  by  the  polishing 
operation  covers  the  entire  surface.  These  Irregular¬ 
ities  have  been  modeled  matnematlcally  as  a  random 
diffraction  grating,  producing  scattering  via  diffrac¬ 
tion  by  surface  mlcrolrregularltles  (9).  A  surface 
with  Gaussian  distributions  of  surface  heights  and  of 
lateral  spaclngs  of  topographic  features  Is  called  a 
"normal"  surface.  For  normal  surfaces,  a  scalar  dif¬ 
fraction  theory  of  scattering  predicts  the  total  scat¬ 
tering  Integrated  over  all  scattering  angles  to  be 
Independent  of  the  lateral  "peak"  spacing  (or  autoco- 
varlance  length)  of  the  surface  (8).  Although  the 
normal  surface  Is  not  often  achieved  In  polishing,  this 
approximation  has  proven  very  useful  In  evaluating 
mirror  surfaces  for  visible  (10) ,  vacuum  ultraviolet 
(7),  and  x-ray  application  (11). 

More  recent  theoretical  research  has  produced  a 
first-order  vector  theory  of  scattering  (12-14)  as  well 
as  a  facet  model  of  scattering  (15).  Very  recently,  an 
all-order  vector  theory  of  scattering  has  been  developed 
and  Is  currently  being  adapted  to  facet-model  scatter¬ 
ing  as  well  (16).  The  first-order  vector  theory  was 
the  first  to  Include  the  optical  constants  of  the 
surface,  the  actual  surface  topography  (expressed  as 
either  a  Fourier  transform  or  an  autocovariance  func¬ 
tion),  and  the  polarization  and  Incidence  angle  of  the 
Incident  light.  Although  still  limited  In  applicabil¬ 
ity  by  the  perturbation  approximation,  A  «  1,  where  A 
Is  the  rms  surface-height  deviation,  this  theory  facil¬ 
itated  the  first  comparison  of  calculated  and  measured 
angle-resolved  scattering  (ARS)  In  the  SXR  spectrum 
(17).  The  early  comparisons  could  not  be  made  quanti¬ 
tative  tests  of  theory  because  of  Inadequacies  In  both 


the  theory  (A  «  X)  and  the  range  of  the  measured  auto- 
covarlance  functions  used  In  the  calculation  of  scatter¬ 
ing.  The  all-order  theory  currently  evolving  (16) 
overcomes  the  limitation  on  wavelength,  and  new  measure¬ 
ments  of  autocovariance  functions  using  stereographic 
electron  microscopy  show  promise  of  extending  these 
data  Into  the  range  10  to  1000  A,  beyond  the  resolution 
limit  for  stylus  measureswnts  of  the  autocovariance 
function. 

For  several  hlgli-quallty  polished  and  diamond- 
turned  mirrors,  ARS  measurements  have  been  reported 
from  15  to  750  eV  (17,18)  In  both  s-  and  p-polarlzatlon. 
Incidence  angles  between  70  and  85  degrees  from  the 
adrror  normal  were  used,  and  the  ARS  was  measured  both 
within  the  plane  of  Incidence  and  In  the  perpendicular 
plane  which  passes  through  the  specularly  reflected 
bean.  These  two  scattering  angles  are  called  6  and  4, 
respectively,  as  shown  In  Fig.  3.  Quantitative  compari¬ 
son  with  theory  has  not  been  successful  with  the  first- 
order  theory  using  autocovariance  function  data  with 


Fig.  3.  The  geometry  of  ARS.  6  Is  the  scattering 
angle  along  the  plane  of  Incidence  meridian,  measured 
from  the  mirror  normal.  Perpendicular-plane  scatter¬ 
ing  was  measured  from  the  specular-beam  direction  by 
the  angle  4. 

0.1-um  resolution.  It  can  be  concluded  experimentally 
that  high-quality  polished  mirrors  can  be  made  with  the 
ARS  magnitude  at  25  eV  photon  energy  of  less  than  10~'* 
outside  the  ±5-degTee  cone  around  the  specular  bean. 

As  the  photon  energy  rises,  this  value  Increases  to 
about  5  X  10"^  at  400  eV  (17).  For  state-of-the-art 
diamond-turned  electroless  N1  surfaces,  the  ARS  Is 
10  to  100  times  higher  In  this  spectral  range,  with  a 
strong  near-beam  scattering  (e.g.,  within  ±5  degrees) 
evident  at  500  and  750  eV  (18) .  Examples  of  these 
results  are  shown  In  Figs.  4  and  5. 

The  larger  scattering  of  these  dlaisond-tumed 
surfaces  clearly  has  nothing  to  do  with  the  tmdulatlons 
of  the  surface  left  by  the  diamond  tool.  These  mirrors 
were  "fly  cut"  so  that  the  tool  grooves  were  nearly 
straight.  Orienting  the  grooves  parallel  and  perpen¬ 
dicular  to  the  plane  of  Incidence  made  no  measurable 
change  In  the  ARS.  The  ms  surface-roughness  height 
measured  by  a  1-um-radlus  diamond  stylus  was  59  A 
across  the  grooves  and  35  X  along  them.  The  feed  rate 
of  the  dlasnnd  tool  %ns  2.5  pm  per  turn,  which  suggests 
diffraction  by  the  tool  grooves  to  be  most  easily 
observed  In  the  visible  spectrum.  This  has  been  con¬ 
firmed  (14).  In  the  SXR  apectrum,  X  la  aome  hundred 
times  smaller  than  the  groove  spacing;  this  fact  limits 
diffraction  effects  to  within  a  couple  degrees  of  the 
specular  bean.  He  did  not  have  the  angular  resolution 
necessary  to  look  for  these  effects,  but  It  seams  clear 
that  the  larger  ARS  of  the  diamond-turned  mirrors  shown 
In  Figs.  4  and  5  could  not  be  attributed  to  the  grooves. 
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Fig.  4.  ARS  from  a  diamond-turned  electroleaa  N1 
mirror  %flth  a  thin  Au  coat.  The  turning  grooves  in 
this  fly-cut  mirror  are  oriented  perpendicular  to  the 
incidence  plane.  p-Polarlzed  light  was  Incident  at 
84  degrees.  Note  the  logarithmic  scale  for  Che  ARS. 
The  narrow  peak  marked  with  round  dots  represents  a 
scan  through  the  incident  beam. 


Fig.  5.  ARS  from  a  diamond-turned  N1  mirror  compared 
to  Chat  from  a  polished  AI2O3  mirror.  Both  mirrors 
were  coated  with  Au  and  measured  in  p-polarlzed  light. 
The  conditions  were  not  Identical:  For  the  diamond- 
turned  K1  mirror,  a  -  84  degrees,  hv  "  125  eV;  for 
the  AI2O3  mirror,  o  ■  85  degrees,  hv  -  120  eV.  These 
differences  should  not  invalidate  the  comparison. 


implies  a  ratio  of  visible  scattering  of  only  3.5.  Yet 
at  hv  -  125  eV,  the  ratio  la  larger  by  more  than  an 
order  of  magnitude,  as  shown  in  Fig.  5.  In  Che  diffrac¬ 
tive  model  of  scattering,  the  ARS  strength  at  a  fixed 
scattering  angle  depends  on  the  surface  Fourler-trans- 
form  amplitude  for  surface  spatial  frequencies  propor¬ 
tional  to  the  photon  energy.  Thus,  the  fixed-angle 
scattering  at  hv  -  125  eV  depends  on  the  Fourler- 
Cransform  amplitude  for  a  60  times  larger  spatial 
frequency  (e.g.,  60  tiMS  finer  roughness  spacing)  than 
for  the  visible  (6471  A)  radiation.  He  must  conclude, 
therefore,  that  the  Fourler-transform  amplitude  for 
very  large  spatial  frequencies  rises  much  faster  for 
the  diamond-turned  metal  mirrors  than  for  Che  polished 
AI2O3  mirror.  This  conclusion  cannot  be  experimentally 
verified  at  present  because  the  lateral  spaclngs 
involved  are  smaller  than  the  resolution  of  our  best 
diamond-stylus  profllometer .  Beyond  this  conclusion, 
we  may  only  speculate  that  the  behavior  of  the  metal 
under  the  action  of  the  diamond  tool  produces  this  very 
high  frequency  roughness  and  that  it  may  be  more  depend¬ 
ent  on  the  material  than  on  whether  the  mirror  is 
polished  or  diamond  turned. 

The  polarization  dependence  of  ARS  is  shown  in 
Fig.  6  for  a  diamond-turned  Cu  mirror  (18) .  For  large 


Fig.  6.  Polarization  dependence  of  ARS.  The  mir¬ 
ror  is  diamond-turned  Cu  (uncoated) ,  measured 
with  0-84  degrees  and  hv  •  125  eV. 

scattering  angles,  the  scattering  of  p-polarlzed  radia¬ 
tion  rises  from  a  minimum,  while  that  from  s-polarized 
radiation  monotonlcally  diminishes,  as  expected  from 
Che  first-order  vector  theory  (18,19).  Scattered  waves 
generated  by  normal  and  tangential  components  of  the 
surface  current  Interfere  destructively  for  forward 
scattering  and  constructively  for  backinrd  scattering. 
Because  the  normal  coiq>onent  of  the  surface  current  is 
zero  for  s-polarized  incident  radiation,  the  minimum  in 
the  ARS  caused  by  this  Interference  occurs  only  for  p- 
polarlzed  incident  radiation. 


A  more  likely  source  for  the  increased  scattering 
of  diamond-turned  mirrors  lies  in  the  mirror  material 
Itself.  Neither  Cu  nor  Hi  mirrors  have  been  polished 
smoother  than  about  15  A  rms  roughness,  measured  either 
by  total  scattering  or  stylus  profiling.  These  diamond- 
turned  mirrors  scattered  visible  light  (6471  A)  as 
chough  they  were  random  rough  (or  normal)  surfaces  of 
15  k  rms  roughness  height,  while  the  Au-coated  AI2O3 
mirror  measured  8  A  rms  by  the  same  technique.  This 


The  pronounced  shoulder  on  the  ARS  curve  of  Fig.  5 
results  from  the  total  reflectance  behavior  of  Au  at 
hv  -  125  eV.  ARS  curves  at  250,  500,  and  750  eV,  where 
k/6  values  range  from  0.6  to  0.94  (see  Eq.  (7)),  show 
no  such  shoulder.  At  a  photon  energy  of  125  eV,  the 
critical  angle  for  Au  is  6c  *  20  degrees  and  k/4  - 
0.24,  which  is  a  value  small  enough  to  provide  signifi¬ 
cant  total-reflectance  behavior,  as  shown  in  Fig.  1. 
This  is  a  clear  example  of  how  the  angle-dependent 
reflectance  Influences  the  ARS  (20) . 
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The  facet  aodel  of  scattering  relies  on  a  surface 
topography  consisting  of  nearly  planar  facets  of  linear 
diaenaion  greater  than  the  wavelength  (IS) .  If  the 
noraals  to  these  facets  are  distributed  statistically 
about  the  nirror  noraal,  it  is  evident  that  "specular" 
reflection  from  individual  facets  will  cause  the  inci¬ 
dent  radiation  to  be  scattered  out  of  the  specular  bean 
determined  by  the  mirror  normal.  Beyond  this  simple 
picture,  considerably  more  may  be  added,  such  as  dif¬ 
fraction  due  to  the  small  size  of  the  facets  and  dif¬ 
fractive  scattering  from  rough  facets  (IS).  The 
primary  effect  of  facets  seems  best  suited  to  very 
short  wavelength  radiation  where  the  condition  that 
facet  size  should  be  larger  than  the  wavelength  is 
better  met. 

Near-beam  x-ray  AKS  has  been  measured  at  X  >  1.S4  X 
by  T.  Hatsushita  (21)  and  at  8.3  A  by  de  Korte  and 
I.alnd  (22).  Both  of  these  measurements  were  made  on 
high-quality  polished  mirrors  rather  than  on  diamond- 
turned  mirrors.  Hatsushita  successfully  fitted  his  ARS 
results  to  a  facet  model  of  scattering  within  a  range 
of  a  few  degrees  from  the  specular.  The  de  Korte  and 
Lalnd  measurements  were  fit  to  a  first-order  vector 
diffractive  scattering  theory  by  Church  (23)  over  Che 
range  ±0.2  degree  from  Che  specular.  It  is  not  clear 
at  this  point  which  scattering  model  is  better  for 
these  x-ray  wavelengths.  It  is  important  Co  note  that 
both  models  assume  the  same  sharp-boundary,  continuum 
dielectric  model  of  the  surface  as  is  assumed  in  Che 
Fresnel  equations.  In  other  words,  no  failure  of  the 
continuum  dielectric  constant  description  of  Che  elec- 
trozugnetic  interaction  with  the  surface  has  yet  been 
detected  in  scattering  even  at  X  •  1.S4  A. 
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Fig.  7.  Glanclng-incldence  reflectance  vs  photon 
energy  for  a  Au  mirror,  as  calculated  from  Eqs.  2(a) 
and  3(a).  The  optical  constants  are  taken  from  Ref. 
27,  and  the  angles  specified  are  the  incidence  angles, 
a,  measured  from  the  normal. 


4.  REFLECTIVE  FILTER  DESIGN 

From  Che  reflectance  behavior  predicted  by  the 
Fresnel  equations,  Eqs.  (2a)  and  (2b) ,  it  is  evident 
that  Che  reflectance  of  x-ray  radiation  nay  be  g  Strong 
function  of  Che  incidence  angle  and  that  the  critical 
angle  for  total  reflectance  may  be  a  strong  function  of 
photon  energy.  These  well-recognized  facts  have  led  to 
the  use  of  mlrrrors  with  variable  or  adjustable  inci¬ 
dence  angle  as  low-pass  filters  for  x-ray  photon  beaizs 
(24,25).  Such  filters  are  especially  well  adapted  to 
synchrotron  radiation  use,  where  excellent  collimatlon 
of  Che  beam  ensures  good  filter  performance  provided 
materials  with  prescribed  optical  constants  are  used 
and  scattering  is  sufficiently  low.  In  this  section, 
we  discuss  Che  relative  merits  of  one-,  two-,  or  three- 
mirror  designs  with  the  specific  goal  of  reducing 
higher  harmonic  radiation  in  a  monochromatlzed  synchro¬ 
tron  radiation  beam. 

We  discussed  in  Section  2  both  the  opportunities 
and  the  problems  offered  by  Che  total  reflectance 
phenomenon.  The  opportunities  are  evident  in  Fig.  1, 
and  Che  problems  are  most  clearly  evident  in  Fig.  2, 
which  Illustrates  Che  "disappearing  critical  angle” 
syndroioe.  It  is  apparent  that  there  is  no  substitute 
for  reliable  optical  constant  data  (26).  We  have 
explored  the  glanclng-incldence  reflectance  behavior  of 
several  materials  for  which  such  data  have  been  pub¬ 
lished  (27).  Figures  7  and  8  show  the  results  for  Au 
and  AI2O3,  respectively.  In  all  cases,  we  have  plotted 
the  reflectaiice  of  only  s-polarlzed  radiation  since 
there  is  little  or  no  polarization  dependence  above 
~  50  eV. 

Considering  the  reflectance  of  Au,  Fig.  7  shows 
considerable  structure  in  the  50  to  90  eV  range,  which 
results  from  excitations  of  4f  and  5p  core  electrons  or 
the  Ng,  Ny,  O2,  and  O3  shells.  The  next  deeper  shells 
are  the  N4  and  Ns  shells  (4d  electrons)  at  334  and 
352  eV.  For  photon  energies  between  90  and  300  eV,  the 
situation  appears  favorable  for  total-reflectance 
behavior.  A  tenfold  second-order  rejection  is  svall- 
able  from  95  to  140  eV  at  an  incidence  angle  of  75 
degrees  As  Fig.  7  clearly  shows,  however,  the  k/S 
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Fig.  8.  Like  Fig.  7,  except  for  an.Al203  Mirror. 


ratio  is  not  low  enough  for  good  filtering  action  above 
140  eV,  where  k/6  >  0.1.  Similarly,  the  optical  con¬ 
stant  data  (27)  shows  that  the  next  favorable  spectral 
region  for  a  Au  reflectance  filter  is  above  1500  eV. 

The  conclusion  is  that  deeper-lyins  core  levels  inter¬ 
fere  significantly  with  the  reflectance-filter  applica¬ 
tion,  and  we  should  look  for  materials  in  which  no  such 
core  levels  exist. 

Such  a  material  is  AI2O3,  as  shown  in  Fig.  8. 

Here  we  plot  the  reflectance  vs  the  photon  energy  in 
electron  volts.  The  A1(L)  core  shell  excitations  cause 
sharp  structure  between  75  and  100  eV,  but  the  0(R) 
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cor*  ahall  at  S32  M  and  cha  A1(K)  core  at  1560  eV 
cootrlbut*  only  waakly  to  tha  oacillator  strength. 
Hence,  above  100  aV  AI2O3  shows  behavior  quite  close  to 
the  classical  R  •  (hv)"**  pattam  so  desirable  for 
reflective  filtering.  The  drawback  lies  in  the  small 
values  of  the  critical  angle,  which  makes  it  necessary 
to  use  large,  expensive  mirrors  in  the  filter.  Heavy 
metal  mirrors  such  as  Au  or  the  Pt  metals  offer  larger 
critical  angles,  but  very  spotty  performance  due  to  the 
many  core  shells  destroying  the  total-reflectance 
behavior  over  much  of  the  spectral  range.  Low  Z  mater¬ 
ials  such  as  AI2O3  or  Si02  offer  excellent  total- 
reflectance  behavior  but  very  small  critical  angles. 

Using  a  single  mirror,  one  nay  realistically 
expect  to  design  a  filter  which  passes  at  least  SOZ  of 
the  incident  light  and  rejects  higher  harmonics  by  at 
least  10:1.  A  Au  mirror  will  accomplish  this  between 
95  and  140  eV  at  75-degrees  incidence.  For  AI2O3  at 
84-degrees  incidence,  these  specifications  are  met 
between  200  and  230  eV,  while  at  86-degrees  incidence 
the  range  is  270  to  385  eV.  These  are  high-throughput 
filter  designs  with  modest  rejection  and  still  rather 
small  ranges. 

Another  approach  is  to  utilize  the  strong  dip  of 
the  reflectance  below  a  core-shell  excitation  produced 
by  the  classical  oscillator  dispersion.  Figures  9  and 
10  show  the  behavior  of  Mg-mlrror  filters  utilizing  two 
or  three  reflections,  respectively.  The  two-reflection 
filter  can  be  designed  to  provide  a  constant  beam 
offset  without  direction  change  and  with  variable 
incidence  angles  (25). 


Fig.  10.  Log  (reflectance  cubed)  vs  photon 
energy  for  Mg  for  several  incidence  angles. 


Fig.  9.  Log  (reflectance  squared)  vs  photon  energy  for 
Mg  for  several  incidence  angles. 


The  Mg-reflection  data  are  plotted  on  a  semilog 
plot  in  order  to  facilitate  analysis  for  high-rejectlon 
operation.  If  ire  require  at  least  100:1  harmonic 
rejection  and  at  least  20Z  filter  transmission,  respec¬ 
tively,  we  find  the  overall  range  to  be  15.5  to  28  eV, 
with  Incidence  angles  from  64  to  70  degrees.  Table  II 
shows  more  detail.  Using  the  ssm  requirements  with  a 
symmetric  three-reflection  design  gives  an  overall 
range  of  14  to  31  eV,  with  incidence  angles  from  64  to 
76  degrees.  In  both  cases,  the  maximum  filter  trans¬ 
mission  compatible  with  the  100:1  minimum  harmonic 
rejection  is  in  the  neighborhood  of  44Z. 


TABLE  II.  Expected  operating  ranges  for 
two-  and  three-mirror  filters  of  Mg  or  C. 


A  requirement  for  harmonic  rejection  >  100:1  and  a 
filter  transmission  of  >  20Z  were  assumed. 


Mirrors 
Kind  # 

0| 

deg 

'"'min. 

eV 

T 

eV 

T 

Mg 

2 

64 

15.5 

.47 

21.5 

.20 

2 

70 

18.0 

.45 

27.8 

.20 

Mg 

3 

64 

13.9 

.40 

17.4 

.20 

3 

70 

16.3 

.40 

24.0 

.20 

3 

76 

19.2 

.44 

30.6 

.20 

C 

z 

80 

78 

.37 

110 

.20 

2 

82 

94 

.45 

140 

.20 

2 

84 

115 

.58 

182 

.20 

C 

3 

80 

68 

.27 

86 

.20 

3 

82 

82 

.34 

125 

.20 

3 

84 

106 

.45 

167 

.20 

3 

86 

128 

.60 

209 

.20 

Figures  11  and  12  facilitate  a  similar  analysis 
for  two-  and  three-reflection  carbon-mirror  filters, 
respectively.  Using  the  same  requirements,  the  two- 
reflection  design  covers  the  range  78  to  182  eV,  with 
incidence  angles  from  80  to  84  degrees.  Filter  trans¬ 
mission  varies  from  the  chosen  20Z  minimum  to  58Z 
maximum.  The  three-reflection  design.  Fig.  12,  covers 
the  range  68  to  208  eV,  with  incidence  angles  from  80 
to  85.8  degrees  and  filter  transmission  values  from  20 
to  60Z.  Additional  details  are  shown  in  Table  II. 

5.  SUMMARY 


Reflective  filtering  of  SXR  radiation  may  be 
accomplished  utilizing  either  the  total-reflectance 
behavior  or  the  dispersion  of  reflectance  below  a  core 
shell  excitation.  Neither  offer  broad-range,  high- 
rejectlon  filtering  without  changing  mirrors.  Proper 
choice  of  mirror  material  for  a  desired  spectral  range 
is  necessary  for  either  type  of  filter.  For  the  total 
reflectance  filter,  a  large  energy  gap  between  core 
excitations  is  desired  in  the  energy  range  of  the 
filter,  making  low  Z  materials  desirable.  For  the 
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Fig.  11.  SlBllar  to  Fig.  9,  but  for  carbon. 


Fig.  12.  Slallar  to  Fig.  10,  but  for  carbon. 


second  type,  the  strongest  reflectance  dispersions  In 
the  SXR  range  occur  below  L-shell  or  K-shell  excita¬ 
tions.  Hence,  Mg(L),  Aia),  S1(L),  Be(K),  B(K},  C(K), 
T1(L),  V(L),  Cr(l,},  etc.  are  proslslng  core  shells  for 
low-pass  reflective  filters  In  the  SXR  spectrum.  All 
would  be  expected  to  provide  good  filtering  over  a 
fairly  narrow  spectral  region  In  either  the  two-  or 
three-reflection  design. 

The  choice  of  designs  Is  also  not  so  obvious.  As 
shown  In  Table  II,  the  three-reflection  filter  offers 
an  undevlated  exiting  beam  and  a  slightly  larger  total 
range  but  at  the  expanse  of  greater  mirror  length 


(because  of  smaller  Incidence  angle)  and  Che  additional 
mirror.  The  two-reflection  filter  provides  nearly 
equal  performance  at  lower  cost  but  does  not  facilitate 
easy  removal  of  the  filter  for  use  of  Che  unflltered 
beam. 

Finally,  many  practical  considerations  of  filter 
design  and  manufacture  have  been  Ignored.  Two  major 
ones  are  the  difficulty  of  producing  high-quality,  low- 
scatter  surfaces  and  difficulties  with  chemical  reac¬ 
tivity  or  long-term  surface  stability.  In  sum,  no 
simple  solution  has  been  found,  and  the  filtering  of 
higher  harmonic  radiation  in  monochromatlzed  SXR  beams 
remains  a  difficult  and  expensive  requirement  Co  meet. 
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Synthetic  Multlleyere  as  Bragg  Olffractora  for  X-Kaya 
and  Bxtreaie  Ultraviolet:  Calculations  of  Ferforaance 
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T.  W.  Barbee,  Jr. 
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Recent  developments  In  thin  film  technology  have  made  it  possible  to  construct  multi¬ 
layered  thin  film  structures  that  act  as  efficient  Bragg  dlffractors  for  x-rays  and  extreme 
ultraviolet  (EUV)  radiation  (see  papers  by  Barbee  and  by  Splller,  these  proceedings).  These 
structures,  analogous  to  multilayered  Interference  filters  for  the  visible  region  of  the 
spectrum,  have  important  potential  applications  In  many  areas  of  x-ray/EUV  Instnmentatlon. 
In  this  paper  the  theory  of  x-ray  diffraction  by  multilayer  structures  Is  briefly  outlined, 
and  approximate  formulae  for  estimating  their  performance  presented.  A  more  complete  compu¬ 
tation  scheme  based  on  an  "optical”  model  of  multilayers  is  described,  and  it  Is  sho«m  how 
this  approach  can  be  modified  to  cake  account  of  Imperfections  in  the  structure  and  to  com¬ 
pute  the  properties  of  nonperiodic  structures.  Finally,  a  comparison  with  some  experimental 
results  Is  presented. 

I.  INTRODUCTION 

A  layered  structure  In  which  the  refractive  In¬ 
dex  varies  periodically  with  depth  selectively  reflects 
electromagnetic  waves  having  particular  wavelengths. 

The  Bragg  diffraction  of  x-rays  by  natural  crystals  Is 
an  example  of  this  principle.  Shortly  after  the  wave 
nature  of  x-rays  was  established  and  x-ray  diffraction 
theory  developed.  It  was  realized  that  If  such  struc- 
.tures  could  be  made  artificially,  with  layer  thick¬ 
nesses  of  the  order  of  1  or  tens  of  A,  they  would 
function  as  Bragg  dlffractors  and  serve  as  valuable 
experimental  tools. 

The  earliest  attempts  to  make  them,  by  the  evapor¬ 
ation  or  electrodeposition  of  metals,  were  reported  by 
Koeppe  (1)  and  Deubner  (2).  However,  these  workers 
were  unable  to  observe  diffraction  of  x-rays  from  the 
artificial  layer  structure  (or  superlattice)  but  only 
from  the  crystal  structure  of  Che  component  materials. 

Du  Mond  and  TouCz  (3)  reported  the  first  positive 
results.  By  evaporation,  they  made  periodic  structures 
composed  of  alternate  layers  of  copper  and  gold,  with 
an  average  Interplanar  distance  of  100  A,  and  observed 
diffraction  of  Mo  K  x-rays  (A  '  0.7  A)  from  the  super- 
lattice.  Stability  was  a  problem,  however;  the  dif¬ 
fracting  power  decayed  to  zero  In  about  a  month  as  the 
two  metals  Interdlffused  and  the  refractive  Index  con¬ 
trast  between  the  layers  was  reduced. 

Further  work  was  carried  out  by  Dlnklage  and 
Frerlchs  (4)  and  Dlnklage  (5),  who  found  chat  the  dif¬ 
fracting  power  of  lead-magnesium  and  gold-magnesium 
layered  structures  decayed  with  a  time  scale  similar 
to  that  found  by  Du  Mond  and  Youtz.  On  the  other  hand, 

Dlnklage  (S)  found  that  Iron-magneslum  structures,  with 
layer  repetition  periods  of  30-50  A,  lasted  for  more 
than  a  year.  During  this  time  the  peak  diffracted  In¬ 
tensity  for  0  Ka  radiation  (X  ~  23.6  A)  remained  com¬ 
parable  with  that  from  a  lead  stearate  soap  film  multi¬ 
layer  structure  made  by  the  Langmulr-Blodgett  technique. 

More  recently  Splller  (6,7,8)  has  made  multilayer 
Interference  coatings  for  the  vacuum  ultraviolet  region, 
again  by  an  evaporation  technique.  These  coatings  are 
not  periodic  structures  In  the  usual  sense;  although 
the  combined  thickness  of  the  two  component  materials 
remains  constant,  their  relative  thickness  Is  graded 
to  obtain  maximum  reflectivity  with  a  given  number  of 
layers.  Tests  with  synchrotron  radiation  (9)  have 
shown  that  such  coatings,  made  up  of  layers  of  carbon 
and  copper  or  carbon  and  gold,  reflect  radiation  of 
wavelength  \  -  190  A  approximately  seven  times  more  ef¬ 
ficiently  than  a  single  thick  gold  layer,  when  used  at 
normal  or  near-normal  Incidence. 
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Barbee  and  Keith  (10)  have  developed  a  sputtering 
technique  for  making  multilayered  structures  with  layer 
thicknesses  anywhere  from  about  5  A  to  several  thousand 
A.  Studies  of  these  synthetic  layered  microstructures 
(or  LSMs)  using  x-rays  of  wavelength  between  1.5  A  and 
44  A  have  shown  them  to  be  strong  Bragg  dlffractors 
(11) .  Since  the  properties  of  LSMs  (Interplanar 
spacing.  Integrated  reflectivity,  diffraction  width, 
etc.)  can,  to  a  large  extent,  be  "tailored"  to  a  speci¬ 
fic  application,  they  have  potential  for  utilization 
In  many  areas  of  x-ray  research  and  technology  (see, 
e.g.,  Barbee  and  Keith  (10),  Underwood,  Barbee  and 
Keith  (12)).  In  this  paper  the  theory  of  LSMs  Is 
outlined  and  used  to  conpute  the  characteristics  of  a 
variety  of  LSM  configurations.  The  experimental  work, 
and  comparison  with  theory.  Is  discussed  in  the  papers 
by  Splller  and  by  Barbee  (these  proceedings). 

II.  REFLECTION  OF  X-RAYS  BY  SYNTHETIC  MULTILAYERS 

For  the  interface  between  a  dense  material  and 
vacuum,  or  between  two  materials  of  different  density, 
the  Fresnel  equations  can  be  used  to  calculate 
R(8)  -  I(e)/lQ,  the  fraction  of  the  incident  x-ray  in¬ 
tensity  reflected  at  glancing  angle  6.  In  the  x-ray 
region,  for  glancing  angles  much  greater  than  the  cri¬ 
tical  angle  6  (l.e.  outside  the  "total"  reflection  re¬ 
gion)  R  is  typically  of  the  order  10“"*  to  10“®.  Under 
these  conditions  a  single  surface  is  useless  as  an 
x-ray  mirror.  However,  the  corresponding  coefficient 
of  amplitude  reflection  E(e)/Eo  is  10~*  to  10“^;  this 
implies  that  a  reflectivity  R(6)  -  1  nay  be  achieved 
if  the  reflections  from  ~10^  to  -10^  interfaces  can  be 
made  to  add  In  phase.  Synthetic  isultllayer  reflectors 
for  x-rays  operate  on  this  principle. 

A  multilayer  reflector  consists  of  two  evaporated 
or  sputtered  materials  A  and  B,  arranged  alternately 
In  layers  of  thickness  d^  and  d^  respectively  (Fig.  1). 

The  structure  is  periodic  In  the  direction  z,  perpen¬ 
dicular  to  the  planes,  with  a  period  d  -  d^  +  d^. 

Multilayers  having  more  than  two  layers  per  period  can 
be  made,  but  since  the  theory  Is  easily  modified  to 
cover  such  cases,  we  treat  only  the  siiq>lest  two-layer 
case  here.  We  assume  that  the  structure  consists  of 
N  such  layer  pairs,  so  that  the  total  number  of  media 
involved.  Including  vacuum  and  the  substrate,  is 
2N  +  2  -  n. 
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Fig.  1.  Reflection  of  x*rays  by  a  synthetic  multi¬ 
layer.  The  coordinate  system  used  in  the  theory  is 
shown  to  the  right.  The  y-coordinate  extends  out  of 
the  plane  of  the  figure. 


X-rays  of  wavelength  X  ,  incident  at  a  glancing 
angle  6  on  the  planes,  will  be  scattered  by  each  layer 
of  atoms.  At  the  Bragg  angles  6  given  by  the  re- 
latlon  “ 


mX  »  2dsin  6  (1) 

the  scattered  waves  will  add  in  phase  and  the  total 
scattered  amplitude  will  reach  a  maximum.  The  positive 
Integer  m  represents  the  order  of  the  Bragg  "reflec¬ 
tion".  Thus  a  structure  made  up  of  layers  of  the  order 
of  10  A  thick  will  reflect  -40  X  x-rays  at  sin  6  ■  1 
(near  normal  incidence)  or  shorter  wavelength  x-rays 
at  smaller  values  of  sin  6. 

Computation  of  the  Intensity  of  x-ray  reflection 
from  an  LSM  at  or  near  the  Bragg  angles,  or  for  any 
other  angle  of  incidence  requires  the  solution  of  Max¬ 
well's  equations  in  a  material  having  a  periodically 
varying  dielectric  constant.  Either  of  two  theoreti¬ 
cal  approaches  to  this  problem  can  be  adopted.  Since 
synthetic  multilayers  designed  to  reflect  x-rays  must 
be  layered  on  an  atomic  scale  (for  example,  a  10  X 
layer  of  tungsten  is  only  4  atomic  layers  thick),  it 
is  possible  to  treat  their  x-ray  properties  in  a  man¬ 
ner  analogous  to  that  used  to  compute  Bragg  reflection 
intensities  from  a  natural  or  artificially  grown  crys¬ 
tal.  Alternatively,  one  may  adapt  the  multilayer 
theory  used  to  design  Interference  coatings  for  the 
visible  spectral  region,  assuming  each  layer  to  be 
plane  parallel  and  assigning  it  a  uniform  (complex)  re¬ 
fractive  index.  It  can  be  shown  that  these  two  ap¬ 
proaches  are  equivalent.  For  illustrative  purposes,  a 
simplified  crystal  diffraction  theory  that  neglects 
absorption  is  described  in  section  3,  and  then  used  to 
obtain  approximate  formulae  for  estimating  the  x-ray 
reflecting  properties  of  synthetic  multilayers.  In 
section  4  it  is  shown  how  the  "optical"  multilayer 
theory  can  be  used  to  make  exact  calculations. 


III.  THEORY  OF  SYNTHETIC 
MULTILAYERS  -  ABSORPTION-FREE  CASE 

In  treating  the  reflection  of  x-rays  from  a 
natural  crystal  or  a  pseudo-crystalline  structure  such 
as  a  multilayer  reflector  either  of  two  theoretical  ap¬ 
proaches  can  be  adopted.  In  the  klnematlcal  theory, 
the  scattering  from  each  volume  element  is  treated  as 
being  Independent  of  that  from  the  other  volume  ele¬ 
ments.  This  theory  neglects  the  details  of  the  wave 
interactions  within  the  structure,  in  particular  the 
progressive  reduction  in  amplitude  of  the  forward 
wave  as  it  travels  into  the  structure  and  is  partially 
reflected  by  successive  planes  (primary  extinction) . 

In  the  dynamical  theory  all  wave  Interactions  are 
taken  into  account.  The  dynamical  theory  is  custom¬ 
arily  used  in  the  study  of  the  x-ray  diffraction  from 
large  perfect  crystals,  while  the  klnematlcal  theory  is 
more  appropriate  to  the  study  of  thin  crystals,  or 
"mosaic"  crystals  which  can  be  thought  of  as  being  com¬ 
posed  of  large  numbers  of  small  chin  crystallites  whose 
orientations  vary  slightly,  in  a  random  fashion,  from 
Che  mean  orientation. 

Multilayers  made  by,  for  example,  sputtering,  are 
essentially  "perfect"  from  a  crystallographic  point  of 
view.  Although  the  fabrication  process  may  introduce 
variation  in  layer  thickness,  these  errors  are  not 
equivalent  to  the  mosalclCy  of  a  natural  crystal.  It 
is,  therefore,  more  appropriate  to  used  a  dynamical 
theory  Co  compute  their  properties,  although  a  klne¬ 
matlcal  approximation  will  suffice  if  a  multilayer  can 
be  considered  sufficiently  "thin."  A  quantitative  de¬ 
finition  of  "thin"  and  "thick"  for  multilayers  is 
given  below. 

Although  Incoherent  absorption  in  the  layer  ma¬ 
terials  may  have  a  profound  effect  on  the  intensity  and 
shape  of  the  Bragg  reflections,  the  neglect  of  absorp¬ 
tion  leads  to  a  simpler  theory,  from  which  a  number  of 
expressions  may  be  derived  in  closed  form.  Since  these 
expressions  may  be  used  to  estimate  properties  such  as 
peak  and  Integrated  reflectivities,  and  Bragg  peak  width, 
they  are  useful  in  choosing  multilayer  parameters  when 
designing  for  a  particular  application.  The  absorption- 
free  case  is  therefore  treated  first.  The  basic  deri¬ 
vations  are  not  repeated  here;  for  these  the  reader  is 
referred  to  the  book  by  Zacharlasen  (13).  Saxena  and 
Schoenbom  (14)  have  also  treated  this  problem  in  con¬ 
nection  with  the  diffraction  of  neutrons  by  multilayer 
structures. 

For  x-rays  of  a  particular  wavelength  X  ,  an  ele¬ 
mental  material  is  characterized  by  its  complex  atomic 
scattering  factor 


f  -  fo  +  Af  +  lAf"  (2) 

Af  and  Af”  are  the  resonance  and  absorption  corrections 
to  the  atomic  scattering  factor  arising  from  anomalous 
dispersion  (the  Honl  corrections) .  Flnce  2d  >  10  X, 
for  the  multilayers  we  shall  consider,  (sin  6)/X  <  0.1 
X~^,  and  thus  fg  =  Z  (i.e.  all  the  electrons  in  an  atom 
can  be  considered  to  scatter  in  phase).  We  define 
the  scattering  amplitude  density  for  x-rays  of  a  par¬ 
ticular  wavelength  by: 

♦  -  ^[(Z  +  Af')2  +  Af"2]‘Sr^  (3) 

where  r^  is  the  class  '.cal  electron  radius  e^/mc^  • 

2.818  X  10“^^  cm  and  Jf  the  number  density  of  atoms. 

In  the  absorption-free  case  Af"  •  0,  and  the  term  in 
square  brackets  reduces  to  Z  -f  Af. 

If  the  crystalline  structure  of  the  individual 
layers  is  neglected,  i.e.,  if  only  the  super lattice 
diffraction  is  considered,  then  the  unit  cell  of  a 
multilayer  can  be  taken  to  be  unit  area  of  a  single 
layer  pair.  The  angle-dependent  structure  factor  F(e) 
of  a  unit  cell  can  then  be  defined  as 

F(9)  -  /j  ♦(z)e^'^*ds 


(A) 
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where  Q  -  (4»  sin  e)/X.  For  the  case  of  diffraction  of 
x-rays  by  crystals,  two  solutions  to  the  dynanlcal  pro- 
blen  have  been  found.  The  first  is  known  as  the  Dar¬ 
win  Solution  and  the  second  as  the  Bwald  Solution  (13). 
In  the  Halting  case  of  an  infinite  number  of  layers 
and  aero  absorption  these  two  solutions  give  essenti¬ 
ally  the  sane  results.  For  illustrative  purposes,  we 
use  the  Bwald  foraulatlon. 

Let  a  plane  parallel  wave  of  wavelength  X  be  inci¬ 
dent  on  a  aultilayer  reflector  at  glancing  angle  6. 

The  intensity  of  the  Intensity  of  the  incident  wave  is 
lo  end  that  of  the  reflected  wave  is  1(6).  Then  from 
the  Bwald  theory 

“  jy  +  (y*-l)cot*(A(y*-l)’*l|"^  (5) 


Finally, 


aX'  •2d  sin  6' 


By  elialnatlon,  we  obtain  (IS): 


aX  -  2d  (1 


2t  -  6 
o  o 

sln^  bP 


7 


which,  for  small  6  ,  becomes 
o 


aX  -  2d 


fi--A_\ 

\  sin*  e**/ 


sin  6^ 


A-^lF(6„)| 


y  -  - -  [(0_e  )  sijj  26  -26  ] 

2A  sin*  6  “  “  “ 


3.2.  "Thick"  ease  (A>1.8).  It  is  useful  to  con¬ 
sider  two  Halting  cases  of  the  dynamical  theory,  de¬ 
fined  by  A>>1  and  A«l.  The  former  is  known  as  the 
"thick"  crystal  case  since  it  applies  when,  for  example, 
N  is  large.  In  this  case  tanh  A  -  1  and  we  may  write: 

-  1  (15) 


The  factor  K  is  1  for  the  o  coiqionent  of  the  wave 
polarization,  I  cos  26  |  for  the  »  component,  and 
(1  +  |co8  28  |)/2  for"unpolarized  radiation.  6^  is 
the  average  refractive  Index  decrement  for  the  struc¬ 
ture,  l.e. 


The  reflection  is  thus  total  for  |y|  <1,  and  the 
priamry  beam  suffers  complete  extinction  in  passing 
through  the  structure.  One  may  also  derive  an  expres¬ 
sion  for  Adf,  the  full  width  at  half  maximum  of  the  re¬ 
flection  profile  (15),  viz: 


where  is  the  number  density  of  atoms  of  type  J , 
averaged  over  the  structure. 

It  should  be  noted  that  (5)  is  valid  for  both 
y*  <  1  and  y^  >  1,  since  coth^  x  ■  -cot^  (ix).  Peak 
reflectivity  for  the  nth  Bragg  reflection  is  defined 
as  the  maxlnum  value  of  Ka)/!^.  It  is  evident  that 
this  nsxlmum  occurs  when  y  •  0,  and  has  the  value 

B?  -  tanh*  A  (9) 

The  integrated  reflectivity  R^  is  defined  by 

*n  •  -  V 

and  it  can  be  shown  (13)  that 


3.3.  "Thin"  case  (A  <0.4).  A«1  defines  the 

"thin"  approximation.  In  this  case  (5)  can  be  written 


1(6)  ,  /sin  AyV 

h  \  y  / 


\  M 

3.1.  Correction  of  the  Braae  equation  for  Refrac¬ 
tion.  From  (5)  and  (7)  we  see  that  in  the  absorptlon- 
free  case  diffraction  pattern  is  symmetrical,  not  about 
®  “  6„,  but  about  a  slightly  larger  glancing  angle  oP, 
where 

6^  -  6  •  26  /sin  28  ■  6  sec  6  cosec  6  (12) 

Thus  the  Bragg  equation  must  be  corrected  for  refraction. 
From  the  definition  of  refractive  index 

n  •  1  -  6^  •  c/v  •  X/X' 
o  o 

where is  the  velocity  of  light,  X'  the  wavelength, 
and  6_  the  glancing  angle  in  the  medium.  Also,  by 
SnellU  law: 

1  _  j  •  cos  bP/cos  6* 

o  a  B 


^8-  •  ’  Al  '  <21) 

This  approximation  corresponds  to  the  kinematical 
theory,  which  is  thus  the  "thin"  limit  of  the  dynamical 
theory. 

3.4.  Bvaluation  of  If(6)I  and  A.  |f(9)1  may  be 
evaluated  analytically  for  simple  cases.  For  example, 
if  layers  A  and  B  are  homogeneous  with  constant  scat¬ 
tering  amplitude  densities  6^  and  6^,  and  if  the  tran¬ 
sition  from  the  value  6^  to  the  value  6^  takes  place 

over  a  vanishingly  small  interval,  i.e.,  the  interfaces 
are  perfectly  sharp,  then 

lF(e)l  -  ^  [♦^(i.cos  Qd^)  +  f^d-cot  Qd^) 


+  Qdjj-cos  Qd-1)]^ 
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which  foe  Che  special  case  of  equal  layer  thicknesses 
“  dj  “  y,  reduces  to: 

lF(e)|  -  ^  sin  (^)[**  +  ♦!  +  cos  ^1**  (23) 


Q - '4  '‘'A 

At  the  Bragg  angle  6  ,  Q  • 


B 

2irm 


|F(8  )| 


sin 


(^)'VV 


We  see  that  for  equal  layer  thicknesses  only  Che  odd 
orders  m  -  1,3,5...  are  permitted  reflections. 

If  the  layer  thicknesses  are  equal,  but  the  scat¬ 
tering  amplitude  density  makes  a  smooch,  sinusoidal 

transition  from  the  value  ^  to  the  value  i)  ,  then  it 

A  B 

may  be  shown  (lA)  that 


m  -  1 

«  0  for  m  )•  1 


(25) 


By  way  of  illustration,  let  us  compute  Neff,  Che 
effective  number  of  layer  pairs  contributing  to  the 
peak  reflectivity  of  a  particular  Bragg,  reflection,  and 
hence  Che  maximum  number  needed  In  a  multilayer  reflec¬ 
tor  designed  to  operate  at  a  particular  wavelength. 
Since  tanh  2  =  0.96,  most  of  the  maximum  possible  peak 
reflectivity  will  be  obtained  If  A  ■  2.  For  the  case 
In  which  the  interfaces  are  sharp,  eqs.  (6)  and  (24)  to¬ 
gether  yield 


N 


eff 


irm^/tKd^  sln(mird^/d)  (♦^-♦g)  ] 


(26) 


We  characterize  the  material  by  Its  complex  re¬ 
fractive  Index 
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where 


becones: 

(Z  + 

Af) 

(28) 

(24) 

jTr  X2 
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Alt 

(29) 

M  Is  the  linear  absorption  coefficient.  Referring 
again  to  Fig.  1,  let  Ej  be  the  amplitude  of  the  elec¬ 
tric  vector  of  the  wave  Incident  on  Che  Interface  be¬ 
tween  Che  Jth  and  the  (J  +  l)th  layers,  and  the 
amplitude  reflected  from  this  Interface.  The'^ Fresnel 

coefficients  ...  for  reflection  of  the 

a  and  n  components  of  polarization  from  this  Inter¬ 
face  can  be  written 


j,j+l 


where 
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(31) 


(32) 


length 


to  consider  some  specl|lc  examples,  at  the  wave- 
;th  of  A1  Ko  (X  -  8.34  A),  -  9.76  x  lO^l  cm'2 


and 


♦c  ”  1*69  X  10^*  cm"^.  Hence,  for  the  first  order  re¬ 
flection  from  an  LSM^^bullt  up  of  layers  of  tungsten 
and  carbon,  each  10  A  thick,  N^^^  *  100.  A  similar 

stack  made  from  layers  of  aluminum  and  beryllium 
(4^  “  2.22  X  lO'*  cm“^,  ■  1.36  x  10*^  cm~^  at 


’^Be 


8.34  A)  would  have  N^££  «  900.  A  sinusoidal  variation 

of  t  would  Increase  these  numbers  by  4/x,  or  about 
30Z.  Absorption  in  Che  material  will,  of  course,  re¬ 
duce  N^^j,  so  that  the  figures  should  be  treated  as 

upper  limits.  In  general,  the  results  of  the  absorp¬ 
tion-free  theories  should  be  used  only  as  a  guide,  and 
the  more  rigorous  theory,  outlined  below,  should  be 
used  for  detailed  computations. 

IV.  DYNAMICAL  THEORY  INCLUDING  ABSORPTION 

If  Incoherent  absorption  In  the  layer  materials 
cannot  be  neglected  (l.e..  If  df"  ^  0)  then  both  (  and 
the  structure  factor  F(6)  become  complex.  For  the  case 
of  x-ray  diffraction  by  crystals,  this  situation  Is 
treated  using  Prlns'  modification  of  the  Darwin  theory 
(17).  However,  the  Darwln-Prins  theory  Is  analytically 
cumbersome,  and  Is  best  suited  for  treating  an  Infinite 
number  of  strictly  periodic  scattering  layers.  In  ad¬ 
dition,  the  theory  does  not  take  Into  account  reflec¬ 
tions  at  the  multilayer-vacuum  and  multilayer-substrate 
interfaces.  For  computations  Involving  a  finite  nuiH 
ber  of  layers,  or  for  situations  In  which  the  layer 
strucures  are  not  strictly  periodic  (for  exaitple, 
Splller's  (6,7,8)  multilayer  structures  optimized  for 
EUV  reflection)  It  Is  more  convenient  to  adopt  a  compu- 
tatlx>nal  approach.  Our  computational  approach  Is  an¬ 
alogous  to  that  used  In  the  design  of  multilayer  Inter¬ 
ference  filters  for  the  visible  region  of  the  spectrum, 
and  is  based  on  the  Fresnel  equations. 


For  small  6,  9,  6,  (32)  becomes 

gj  -  (02  -  2«j  -  llBj)** 


(33) 


We  define 


where 


exp(-ij^  gjdj) 


Is  the  amplitude  factor  for  half  the  perpendicular  dis¬ 
tance  d, .  Using  the  boundary  condition  that  the  tan¬ 
gential'^  components  of  E.  and  ^  be  continuous  at  the 
Interface,  a  recursion  relation  for  .  may  be  de¬ 
veloped,  viz:  3 *3 
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J+1 


J±LJ±2_ 


J+L. 


^  j+l,J+2  ipj.j+l 
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(34) 


The  computational  scheii»  starts  at  the  substrate, 

medium  n,  with  ^  *  0  (since  the  substrate  Is 

n,n+l 

considered  infinitely  thick) .  By  using  (34)  and 
working  backward  to  the  first  surface,  where  a^^  •  1 

and  “  sin  9  the  value  of  ^^2  "  ®1^®1  “F  •** 

found.  This  Is  related  to  the  Intensity  1(9)  reflec¬ 
ted  from  the  structure  by 
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(35) 


This  computation  scheme  Is  quite  general  and  can 
be  used  to  compute  the  x-ray  reflectance  of  any  multi¬ 
layer  structure  at  any  angle  of  glancing  Incidence.  As 
an  example,  we  have  computed  the  reflectance  as  a  func' 
tlon  of  angle  for  four  LSMs,  otherwise  Identical, 
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Fig.  2.  Reflectivity  versus  glancing  angle  computed  for  a  secies  of  tungsten-carbon  layered  synthetic  micro- 
structures  at  a  wavelength  X  -  2.2631  i.  (a)  5  layer  pairs  (b)  10  layer  pairs  (c)  30  layer  pairs  (d)  100  layer 
pairs.  Layer  thicknesses  and  optical  constants  used  are  given  In  the  text. 


having  5,  10,  30  and  100  layer  pairs  (Fig.  2).  These  of  d  Is  relatively  simple.  This  leaves  4^,  N  and 

computations  are  for  a  tungsten-carbon  LSM  with  d^  -  ^  adjustable  parameters  by  r'hich  the  properties 

12.4  X.  d^  -  20.0  A,  at  a  wavelength  X  -  2.2631  A.  The  ^  "tailored." 

optical  constants  used  were:  tungsten;  6  “  9.09  x  10~*j  Combining  (6),  (11),  and  (24)  we  find  that: 

6  •  2.08  X  10"®,  carbon;  d  -  1.38  x  10"®,  6  •  1-64  x  10"®. 

In  addition  to  the  total  reflection  region  and  the  first  j  2d^K  /“’"'aI 

order  Bragg  reflection,  these  curves  show  well  the  sub-  •  —  sini— ^  I  -  ♦g)  tan  0  tanh  A  (36 

sidiary  interference  maxima  that  occur  for  a  "thin"  nm  \  / 

structure  (eq.  18)  and  their  disappearance  for  a  "thick" 

structure.  These  calculations  are  for  unpolarlzed  If  the  crystal  Is  "thick"  (N  >  tanh  A  =  1) 

radiation;  however,  at  these  small  values  of  0  the  re-  evident  that  the  highest  Integrated  reflectivity 

flectivity  for  the  a  and  x  states  of  polarization  are  achieved  by  making  the  contrast  (♦  -  ♦„)  «8  large 

virtually  identical. 

as  possible,  and  d^/d  -  0.5.  When  absorption  is  Im- 
V.  CHOICE  OF  MATERIALS  AND  LAYER  THICKNESS  FOR  LSMs  portant,  the  optimum  value  of  the  division  parameter 

,  d  /d  may  be  different.  Vinogradov  and  Zeldovlch  (18) 

Since,  in  a  particular  application,  the  principal  A  ..  j  j  ..u  *  , 

design  concerns  will  be  the  Mvelength  range  In  which  have  examined  this  problem  and  have  derived  the  fol- 

the  device  must  operate,  and  the  range  of  glancing  lowing  transcendental  equation  for  the  optimum  value 

angles  over  which  it  must  function,  the  specification  of 
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(37) 


This  equation  was  originally  derived  for  normal  inci¬ 
dence  and  for  a  sinusoidal  variation  of  n«  However,  it 
evidently  holds  for  any  angle  of  Incidence  and,  to  a 
good  approximation,  for  the  case  where  the  interfaces 
are  sharp. 

We  may  also  obtain  a  rough  estimate  of  the  opti¬ 
mum  parameters  for  highest  resolution  X/AX,  using  the 
absorption-free  theory.  From  (16)  and  (17)  we  obtain: 


Ae 


>5  =  rI 
m  7T  m 


(38) 


and  again  assuming  that  the  structure  is  "thick,"  we 

see  from  (36)  that  for  highest  resolution,  both 

(•^^  -  0g)  and  d^/d  should  be  made  as  small  as  possible. 


VI.  PREDICTIONS  OF  THE  THEORY 
FOR  REALISTIC  LSM  CONFIGURATIONS 

One  of  the  important  factors  in  choosing  two  or 
more  materials  for  an  LSM  la  their  compatibility:  they 
must  not  react  chemically  or  Interdlf fuse,  or  at  least 
such  reaction/diffusion  must  be  limited.  This  places 
a  considerable  restriction  on  the  choice  of  materials, 
and  thus  on  attainable  values  of 

Tungsten  and  carbon  represent  a  pair  of  materials 
that  meets  these  requirements.  In  reality,  there  is 
some  reaction  between  these  elements,  and  the  resulting 
LSHs  are  composed  of  a  mixed  tungsten-tungsten  car¬ 
bides  (H.C  and  WC)  layer  and  a  carbon  layer,  rather 
than  pure  tungsten  and  carbon.  However,  the  structures 
are  stable  (10),  and  since  the  density  of  tungsten  car¬ 
bide  (16.3  g.cm"^)  is  only  slightly  less  than  that  of 
tungsten  (19.3  g.cm”^)  a  strong  density  contrast  be¬ 
tween  the  carbide  and  carbon  layers  (p  -  2.0  g.cm”3)  is 
maintained.  It  is  useful,  therefore,  to  present  some 
sample  calculations  concerning  the  "tungsten-carbon" 
system. 


Fig.  3.  Peak  reflectivity  of  an  LSM  as  a  function  of 
A^.  Curve  K:  klnematical  approximation.  Curve  D: 
dynamical  approximation  (no  absorption).  These  solid 
curves  apply  to  any  LSM  structure.  The  lower  curves 
are  computed,  using  the  full  theory  of  section  3,  for 
a  particular  LSM;  a  tungsten-carbon  structure  with 
d^  ■■  d^  ~  10  A.  A  was  varied  by  changing  N. 


In  Fig.  3  the  peak  reflectivity  R^/K^,  as  calcu- 

ID 

lated  from  the  klnematical. and  the  dynamical  (no  ab¬ 
sorption)  approxiauitions  are  plotted  as  a  function  of 
A^.  It  is  seen  that  in  the  "thin"  region  the  reflec- 


8  (deg)  0(deg) 


9  (deg) 


9  (dag) 


Fig.  4.  Reflectivity  curves  computed  for  a  LSM  con¬ 
sisting  of  101  layer  pairs  of  tungsten  and  carbon,  at 
four  wavelengths  and  for  unpolarized  radiation.  9^ 

indicates  the  position  of  the  first-order  peak  predic¬ 
ted  from  the  Bragg  equation  using  2d  =  40.0  A.  The 
angular  difference  between  9^^  and  the  peak  in  R  is  the 
refraction  correction. 


tivlty  is  approximately  linear  in  A^,  the  two  approxi¬ 
mations  giving  the  same  value  within  7S.  Also  plotted 
in  this  figure  is  the. first  order  peak  reflectivity 
computed,  using  the  fyll  theory  of  section  3,  for  a 

W/C  LSM  with  2d  «  40  A  (d  •  d  ■  10  A)  at  the  wave- 
w  c 

lengths  of  Cu  Ka  (1.54  A)  and  A1  Ka  (8.34  A).  The 
value  of  A  was  varied  by  changing  N,  the  total  number 
of  layer  pairs  in  the  LSM  stack.  It  can  be  seen  that 
while  when  the  absorption  Is  small,  the  simpler,  ab¬ 
sorption-free  dynamical  theory  gives  values  within  20% 
of  those  predicted  by  the  full  theory,  it  begins  to 
deviate  markedly  for  values  of  absorption  which  are 
only  moderately  high. 

Figure  4  is  a  series  of  reflectivity  versus  6 
curves  for  the  same  W/C  structure,  computed  at  a  vari¬ 
ety  of  x-ray  wavelengths;  100  layqr  pairs  were  assumed. 
The  curves  shown  are  for  unpolarized  radiation;  curves 
for  the  a  and  tt  states  can  be  obtained  by  applying  the 
appropriate  value  of  K.  The  value  of  0^  calculated 

from  the  Bragg  equation  (1)  is  indicated  on  these 
curves,  so  that  the  relatively  large  correction  for  re¬ 
fraction  can  be  seen.  Note  that,  because  of  absorp¬ 
tion,  the  diffraction  curves  are  not  symmetrical  about 

the  angle  9^  defined  in  Eq.  (12). 
m 

The  Integrated  reflectivity  Is  plotted  as  a  func¬ 
tion  of  1  In  Fig.  5.  For  comparison,  the  predicted 
and  measured  Integrated  reflectivities  of  some  other 
Bragg  crystal  analysers  and  artificial  multilayers 
(Langmulr-Blodgett  pseudo-crystals)  have  also  been 
plotted.  In  Fig.  6  a  similar  comparison  is  made  for 
the  wavelength  resolution  X/AX. 

It  is  evident  that  a  H/C  LSM  is  a  po%rerful  dlf- 
fractor  over  the  whole  wavelength  range  considered, 
with  an  Integrated  reflectivity  >10"^  radians,  an  order 
of  magnitude  greater  than  that  of  presently  available 
analysers  (acid  phthalate  crystals  or  soap  film  multi¬ 
layers).  Its  wavelength  resolution  Is,  as  expected, 
low,  but  still  comparable  with,  or  slightly  better  thatv 
that  measured  for  soap  film  multilayers. 
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rig.  5.  First  order  Integrated  reflectivities  of  typi¬ 
cal  multilayer  structures  and  crystals  In  the  soft  x- 
ray  region.  The  solid  curves  are  calculations  based  on 
dynamical  theory.  The  LSMs  are  those  referred  to  in 
the  text  and  In  Figures  3  and  7.  "Pb  Soap"  Is  a  "thick" 
lead  stearate  multilayer  (Henke  and  Tester  (19)).  The 
curves  for  thallium  acid  phthalate  (TlAF)  and  potassium 
acid  phthalate  (KAF)  are  Darwln-Prlns  calculations  of 
Burek  (20).  The  experimental  points  for  KAP  (circles) 
were  taken  from  Burek  (20),  for  TIAP  (triangles)  from 
McKenzie  et  al.  (21),  and  for  the  optimized  lead 
stearate  multilayer  (squares)  from  Charles  (22). 


Fig.  6.  First  order  resolving  power  of  crystals  and 
multilayers.  The  experimental  points  for  lead  stearate 
(squares)  were  taken  from  Charles  (22).  The  curves  for 
KAP  and  TIAP  were  computed  by  Burek  (20)  using  the 
Darwln-Prlns  theory. 


In  order  to  build  LSMs  with  better  wavelength  re¬ 
solution,  pairs  of  materials  having  low  absorption  and 

a  low  value  of  6,  -  6.  must  be  chosen.  A  possible  can- 
A  B 

dldate  pair  for  the  soft  x-ray  region  is  represented  by 
aluminum  and  beryllium.  Although  the  materials  science 
aspects  involved  in  constructing  LSMs  from  these  two 
materials  remain  to  be  fully  Investigated,  the  combi¬ 
nation  appears  promising,  and  we  have  computed  the  x- 
ray  diffracting  properties  of  a  100  layer  pair  Al/Be 
structure  (d^j^  •  d^^  •  10  A)  at  a  number  of  soft  x-ray 

waveleij^ths  (Fig.  7).  The  Integrated  reflectivity  and 
wavelength  resolution  of  this  LSM  are  also  plotted  In 
Pigs.  5  and  6;  these  properties  are  both  close  to  those 
of  thallium  acid  phthalate  (TlAF),  and  Ita  potential 
value  perhaps  lies  In  the  extension  of  these  properties 
to  longer  wavelengths. 


9  (deg)  6  (deg) 


Fig.  7.  Reflectivity  curves  computed  at  four  wave¬ 
lengths  for  an  aluminum-beryllium  LSM  of  1000  layer 
pairs;  these  curves  are  for  unpolarlzed  radiation.  6^ 
Is  the  first  order  Bragg  angle  computed  using 
2d  =>  40.00  A 


At  any  particular  wavelength,  the  performance  (In 
terms  of  R^,  R**  or  X/AX)  could  be  improved  by  optlmi- 

B  IB 

zing  d^/dj^  according  to  (37).  However,  the  attainment 

of  wavelength  resolutions  equal  to  or  better  than  that 
of,  say,  potassium  acid  phthalate  (KAP)  requires  values 
of  contrast  -  tg  lower  than  those  given  by  the  Al/Be 

combination.  While  possible  material  pairs  exist  (B/Be, 
Be/Mg,  B/LIH)  their  stability  as  thin  layer  stacks 
needs  to  be  established.  In  general.  It  will  be  more 
difficult  to  fabricate  LSMs  of  high  resolution  than 
those  of  high  integrated  reflectivity,  simply  because 
of  the  much  larger  number  of  layers  required  over  which 
it  Is  necessary  to  maintain  uniformity. 

VII.  EFFECT  OF  LAYER  IMPERFECTIONS 

There  are  a  number  of  ways  In  which  the  structure 
cf  an  LSM  can  differ  from  the  "ideal"  structure  upon 
which  the  theory  Is  based.  Such  deviations  or  Imper¬ 
fections  will  affect  the  Bragg  diffraction  intensities, 
and  so  it  is  important  to  be  able  to  model  them  compu¬ 
tationally.  The  principal  imperfections  are  described 
below. 

7.1  Imperfectly  shaip  Interfaces.  In  reality, 
the  transition  from  index  n^  to  index  n^  takes  place 

over  a  finite  distance,  so  that  the  Interfaces  are  not 
Infinitely  sharp,  as  has  been  assumed  so  far.  The  dis¬ 
tance  over  which  this  transition  takes  place,  and  Its 
profile,  will  have  a  strong  effect  on  the  reflected 
Intensities,  and  In  particular  on  the  relative  Inten¬ 
sities  of  the  various  orders. 

The  problem  of  computing  reflection  coefficients 
for  electromagnetic  waves  for  an  interface  at  which 
there  is  a  refractive  index  gradient  has  been  treated 
in  other  contexts.  In  studying  the  reflection  of  radar 
signals  from  the  lunar  surface,  for  exai^le,  Simpson 
(23)  concluded  that  the  least  cumbersome  computational 
approach  was  to  treat  the  transition  zone  as  a  large 
number  of  thin,  homogeneous  laminae  whose  Index  and 
thickness  could  be  adjusted  so  as  to  approximate  the 
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smooth  tronsltton  by  a  number  of  finite  steps.  It  may 
be  shown  that  this  approach  Is  accurate,  provided  that 
the  lamina  thickness  is  much  less  than  a  wavelength  of 
the  radiation  being  reflected. 


Fig.  8.  Variation  of  refractive  Index  through  several 
LSM  layers.  The  bold  line  Indicates  the  “Ideal”  vari¬ 
ation,  with  Infinitely  sharp  gradients  at  Che  Inter¬ 
faces.  The  dashed  line  shows  the  model  in  which  the 
Index  varies  according  to  a  cosine  function  over  a 
transition  distance  8^^.  In  the  center  of  the  figure, 

this  smooth  function  has  been  approximated  by  ten  thin 
sublayers  of  constant  refractive  Index. 


8>) 


Fig.  9.  Peak  reflectivity  plotted  as  a  function  of 

B 

d^^  for  Che  first  3  orders  of  reflection  of  A1  Ko  ra¬ 
diation  (X  •  8.34  A)  from  a  W/C  LSM  (d„  -  24.3  A, 
dj.  -  33.4  A). 


Ue  used  this  method  to  examine  the  effect  of  a 
finite  density  gradient  at  Che  Interfaces.  It  was  as¬ 
sumed  that  the  transition  between  the  indices  took 
place  over  a  distance  d  ,  and  that  the  variation  fol¬ 
lowed  a  cosine  function,  as  shown  In  Fig.  8.  This 
transition  distance  was  then  divided  Into  a  number  of 
sublayers  of  equal  thickness.  The  value  for  the  index 
of  a  sublayer  was  then  set  equal  to  its  value  at  the 
center  of  the  layer. 

In  Fig.  9,  the  peak  intensities  of  the  first 
through  third  order  reflections  from  a  U/C  LSM  with 
d^  -  24.3  A,  d^  ■  33.4  A  are  plotted  as  a  function  of 


kind  of  LSM  imperfection  arises  If  the  layers  vary  In 
thickness  through  the  structure,  i.e.  If  a  particular 
layer  A  has  thickness  d^  -t-  d^  Instead  of  the  intended 

thickness  d^,  with  d^  varying  randomly  or  continuously 

through  the  stack.  This  kind  of  Isqterfectlon  Is  easy 
CO  model  computationally. 

In  some  cases.  It  may  be  advantageous  to  Intro¬ 
duce  a  specific  variation  of  layer  thickness  through 
the  stack,  in  order  to  increase  the  reflectivity  for 
a  fixed  number  of  layers  (see  e.g.  Splller  (6,7,8))  to 
increase  the  reflected  bandwidth,  or  for  soaie  other 
reason.  At  present  the  design  of  multilayer  reflec¬ 
tors  for  x-rays  and  BUV  is  In  a  relatively  simple 
stage,  and  there  would  appear  to  be  some  potential  for 
the  development  of  more  sophisticated  designs,  analo¬ 
gous  to  those  used  for  multilayer  Interference  filters 
designed  for  use  at  longer  wavelengths. 

7.3.  Layer  roughness.  Real  layers  will  have  a 
relatively  rough,  rather  than  a  perfectly  plane,  sur¬ 
face  and  this  tilll  lead  to  scattering  of  the  x-rays. 
This  roughness  will  result  from  a)  the  intrinsic  rough¬ 
ness  of  the  substrate  and  b)  roughness  Introduced 
during  the  layer-bulldlng  process.  It  Is  conventional 
to  quote  roughness  of  surfaces  as  an  rms  figure  in  A, 
for  exanple  a  "smooth”  surface  may  have  3  A  rms  rough¬ 
ness.  However,  in  order  to  predict  how  a  surface  will 
scatter  electromagnetic  radiation  this  figure  Is  in¬ 
sufficient;  it  is  necessary  to  know  the  power  spectrum 
of  the  surface  height  variations. 

It  can  be  shown  that  scattering  of  x-rays  by 
rough  LSHs  is  analogous  to  the  thermal  diffuse  scat¬ 
tering  of  x-rays  by  crystals  and  can  be  described  by  an 
analog  of  the  Debye-Ha.ler  formula.  This  will  be  dis¬ 
cussed  in  more  detail  elsewhere. 

VIII.  COMPARISON  OF  EXPERIMENTAL 
RESULTS  WITH  THEORY 

Techniques  for  making  multilayer  reflectors,  both 
by  evaporation  and  by  sputtering  are  at  present  being 
perfected  and  much  experimental  data  has  been  amassed. 
The  experimental  work  Is  treated  In  the  papers  by 
Splller  and  by  Barbee  (these  proceedings),  and  need 
not  be  discussed  In  detail  here.  Suffice  It  to  say 
that  for  periods  above  about  30  A  (for  evaporated 
structures)  or  15  A  (for  sputtered  structures)  the  per¬ 
formance  of  well  made  synthetic  multilayers  is  close 
to  that  predicted  theoretically.  As  an  example,  we 
show  In  Fig.  10  Che  reflectivity  versus  angle  curve 
for  a  H/C  LSM  obtained  at  a  wavelength  of  2.2631  X 
using  synchrotron  radiation  at  the  Stanford  Synchro¬ 
tron  Radiation  Laboratory.  The  structure  consisted  of 
30  layer  pairs  with  d^  >  12.4  A,  d^  -  20  A,  so  this 

curve  can  be  compared  directly  with  Fig.  2(c).  (The 
deviation  at  angles  close  to  sero  Is,  of  course,  due 
to  radiation  spilling  past  the  LSM  at  small  glancing 
angles).  The  agreement  Is  remarkably  good.  Indicating 
an  almost  perfect  layer  structure  in  this  particular 
LSM. 
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Fig.  10.  Experimentally  determined  reflectivity  versus  21. 

glancing  angle  for  a  30  layer  pair  W/C  LSM.  For 

layer  parameters  see  text.  These  results  were  obtained  22. 

using  a  Huber  diffractometer  at  the  Stanford  Synchro-  23. 

tron  Radiation  Laboratory.  The  synchrotron  radiation 

was  rendered  monochromatic  with  a  channel-cut  silicon 

crystal. 


IX.  CONCLUSIONS 

In  this  paper  the  formalism  for  computing  Che  In¬ 
tensity  of  Bragg  reflection  from  structures  layered  on 
an  atomic  scale  (LSMs)  has  been  developed.  It  has 
been  shown  that,  providing  the  material  constraints  can 
be  overcome,  It  Is  possible  to  build  structures  whose 
properties  complement  those  of  presently  existing  x-ray 
analysers  and  reflectors.  By  varying  such  parameters 
as  the  as  Che  refractive  Indices,  layer  thicknesses 
and  total  number  of  layers,  these  properties  can  be 
"tailored"  for  specific  x-ray  applications.  In  par¬ 
ticular,  structures  with  high  Integrated  reflectivity 
and/or  large  2d  spacing  can  be  constructed.  Such  struc¬ 
tures  offer  great  potential  In  many  areas  of  soft  x-ray 
and  extreme  ultraviolet  research  and  Instrumentation. 

The  work  at  Stanford  University  was  supported  by 
the  National  Science  Foundation  through  the  Center  for 
Materials  Research  and  by  Che  Department  of  Energy 
through  the  Lawrence  Livermore  Laboratories.  The  work 
at  the  Jet  Propulsion  Laboratory  represents  one  aspect 
of  research  carried  out  under  NAS7-100,  supported  by 
the  National  Aeronautics  and  Space  Administration. 
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Section  V  Reflective  and  Diffractive  X-ray  Inaglng 
The  Metrology  of  X-ray  Optical  Components 
A. Franks 


Division  of  Mechanical  and  Optical  Metrology, 

National  Physical  Laboratory,  Teddington,  Middlesex  TWll  OLW,  UK 
'  ABSTRACT 

The  differences  in  form  and  specifications  of  optical  components  used  in  the  visible  and 
X-ray  spectral  regions  have  stimulated  the  development  of  different  approaches  to  the  measure¬ 
ment  of  the  latter.  In  general,  the  grazing  incidence  configuration  is  less  conducive  to 
the  employment  of  the  traditional  interferometric  methods  of  measurement  than  the  automated 
probe  methods  which  are  now  being  developed*  Optical  methods  become  increasingly  more 
valuable  and  more  easily  Interpretable,  the  closer  the  optic  approaches  perfection. 

INTRODUCTION  TYPES  OF  MEASUREMENT  REQUIRED 


Measurement  and  evaluation  go  hand  in  hand  with 
the  production  of  optical  components,  and  over  the 
years  a  range  of  measurement  techniques  has  been 
devised  which  are  in  common  use  in  the  optical 
Industry.  Some  X-ray  optical  components,  such  as  plane 
or  concave  mirrors  or  diffraction  grating  blanks,  are 
geosmtrically  similar  to  their  visible  optical 
equivalents  so  that  similar  measurement  techniques  can 
be  employed  for  them.  However,  many  X-ray  mirrors  are 
very  different  In  form  and  this  does  call  for  the 
consideration  of  different  measuring  approaches.  With 
very  feu  exceptions.  X-ray  mirrors  are  used  In  the 
grazing  incidence  configuration  and  typical 
characteristic  features  are  that  they  have  the  form  of 
elongated  conlcolda,  and,  often,  the  datum  or  reference 
surfaces  are  not  the  mirror  surfaces  themselves  but  the 
mounting  flanges  which  are  nearly  normal  to  these 
surfaces.  In  the  case  of  Holter  microscopes,  problems 
of  accessibility  arise  because  of  the  small  bore  of  the 
mirrors.  The  complex  aspheric  forms  of  the  mirrors 
require  that  precise  measurements  be  made  even  in  the 
early  stages  of  manufacture,  when  the  mirror  may  still 
be  In  a  non-reflecting  or  poorly  reflecting  state  after 
grinding  or  diamond  turning.  The  surface  finish 
requirements  of  X-ray  optics  are  also  very  demanding 
and  have  stimulated  the  development  of  specialized 
measuring  techniques. 

The  measurement  or  evaluation  of  complete  systems 
Is  normally  undertaken  with  X-rays  or  with  light,  but 
this  Is  a  topic  which  Is  not  dealt  with  In  this  paper. 

PURPOSE  OF  THE  MEASUREMENTS 

An  Important  function  of  the  measurement 
Instrumentation  is  to  establish  whether  the  dimensions 
and  form  of  the  optical  component  lie  within  the 
manufacturing  tolerances  which  were  specified  at  the 
design  stage.  A  whole  series  of  measurements  may  be 
required,  of  Increasing  accuracy,  as  the  component 
proceeds  through  Its  successive  manufacturing  stages, 
to  enable  the  mirror  to  be  corrected  where  necessary. 

In  practice,  the  situation  Is  often  complex  in 
that  parts  of  the  mirror  nay  be  outside  the  specified 
tolerance,  while  other  parts  may  be  well  within  the 
tolerance.  The  Important  question  then  arises  whether 
or  not  the  overall  performance  of  the  mirror  will  meet 
the  required  specification.  This  Information  must  be 
known  In  order  to  reduce  to  a  minimum  the  costly  and 
time-consuming  work  expended  on  figuring  and  finishing. 
A  second  Important  function  of  the  measurement 
Instrumentation  Is  thus  to  yield  data,  rapidly  and  in 
computer  compatible  form,  which  will  enable  the  X-ray 
performance  of  the  mirror  to  be  predicted.  The 
measurement  strategy  must  therefore  be  able  to  cater 
for  the  demands  of  the  computer  programs  used  for 
Interpreting  the  measurement  data. 


I.  THE  MIRROR  SURFACE 

In  order  to  predict  the  performance  of  a  mirror, 
the  coordinates  of  all  points  on  the  surface  are 
required  to  be  known  and  they  should  be  referred  to 
fiducial  datum  surfaces  on  the  mirror.  For  measurement, 
predictive  and  fabrication  purposes.  It  is  convenient 
to  consider  that  the  surface  perturbations  (the 
departures  from  the  theoretically  specified  form)  give 
rise  to  two  broad  categories  of  surface  topography: 

(I)  Macrotopography 

The  perturbations  associated  with  the 
macrotopography  of  the  surface  have  wavelengths  ranging 
from  the  size  of  the  mirror  down  to  a  few  millimetres, 
with  amplitudes  down  to  about  0.1  um;  some 
perturbations  may  be  non-periodic.  In  order  to  obtain  a 
useful  seml-quantltatlve  appreciation  of  the  quality  of 
the  mirror,  it  often  suffices  to  make  independent 
measurements  of,  say,  diameter,  circularity  and  axial 
profile. 

(II)  Microtopography 

This  refers  to  surface  perturbations  of 
wavelengths  of  a  few  millimetres  down  to  the  finest 
that  can  be  measured.  This  would  normally  be  down  to 
0.25  um  in  wavelength,  but  could  with  substantially 
greater  difficulty,  be  as  small  as  1  nm,  and  with 
amplitudes  down  to  less  than  0.5  nm. 

II.  REFERENCE  SURFACES 

In  the  case  of  Holter  telescopes,  the  relationship 
between  the  mirror  axis  and  mounting  flange  requires  to 
be  known  laterally  and  angularly.  In  sector  telescopes, 
a  reference  surface  normal  to  the  mirror  axis  may  be 
required,  in  addition  to  the  mounting  flange,  to  assist 
in  optical  alignment.  Measurement  of  the  departure  of 
flatness  of  the  mounting  flange  is  also  required.  It  Is 
sometimes  possible  to  orient  mating  flanges  with 
respect  to  each  other  to  minimize  the  distortions 
produced  on  clamping  as  a  result  of  their  lack  of 
flatness. 

SPECIFICATIONS  FOR  X-RAY  OPTICAL  COMPONENTS 

X-ray  optical  components  form  part  of  a  system, 
the  performance  of  which  Is  usually  specified  in  terms 
of  factors  such  as  linear  or  angular  resolution, 
optical  aperture  or  throughput,  field  of  view  and  depth 
of  focus.  The  combined  effects  of  manufacturing  and 
assembly  errors,  materials  Instabilities  and  conditions 
under  service  (such  as  thermal  or  mechanical 
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fluctuations)  nuat  be  auch  that  the  perforaanee  of  the 
instruaent  stays  within  the  given  specification.  It  is 
noraal  practice  to  produce  an  error  budget  in  which  the 
theoretically  deteralned  effects  of  the  various  errors 
■ay  be  traded-off  against  each  other,  within  the  Halts 
laposed  by  the  specification. 

The  optics  of  X-ray  telescopes  have  probably 
received  aost  attention  in  the  literature.  A  good 
example  of  a  study  of  the  effects  of  aisallgnaent  and 
surface  deformations  is  given  by  Korsch  et  al.  (1).  In 
their  approach,  which  is  the  one  aost  coaaonly 
employed,  the  surface  deformations  are  slaulated  by 
ellipsoidal  (rodlal)  and  sinusoidal  (axial)  deviations 
froa  the  ideal  surface.  The  image  quality  is  defined  by 
the  axial  rms  spot  size.  The  NPL  approach  (2)  la  aore 
generalized  in  that  the  surface  figure  errors  are 
described  as  the  superposition  of  two  uncorrelated 
perturbations:  one  being  the  normal  dlsplaceaent,  and 
the  other,  the  mlsorlentation  of  small  segments  of  the 
tangent  plane  relative  to  the  ideal  surface. 
Alternatively,  if  the  perturbations  are  known  to  be 
slowly  varying,  they  may  be  described  by  using  Fourier 
or  polynomial  expansions.  Non-periodic  perturbations 
are  described  by  a  spline  series.  The  Images  are 
evaluated  by  calculating  the  first  and  second  moments 
of  the  intensity  distribution  on  an  appropriate  image 
plane,  which  can  be  referred  back  to  the  object  plane. 
The  first  moment  is  a  simple  measure  of  position, 
namely  the  centre  of  gravity,  and  the  second  moment 
(the  radius  of  gyration,  R,  often  called  the  blur 
circle  radius)  is  a  simple  measure  of  image  size  and, 
hence,  of  resolution.  The  degradation  of  the  image  as  a 
result  of  other  perturbations,  auch  as  the  misalignment 
of  the  component  mirrors  and  surface  roughness,  where 
diffraction  becomes  dominant,  may  also  be  found  in 
terms  of  R  and  may  readily  be  combined,  when  expressed 
in  this  form.  This  general  approach  shares  some  comaon 
features  with  the  converse  calculation  of  the 
prediction  of  X-ray  performance  from  the  measured 
perturbations. 

It  is  not  possible  to  make  generalized  stateaents 
about  the  specifications  for  optical  components,  except 
to  state  that  the  trend  is  towards  arc  second  or  better 
resolution  in  telescopes  and  to  sub-micrometre 
resolution  in  microscopes,  which  translates  to  sub-arc 
second  resolution  in  angular  terms.  Some  of  the 
manufacturing  tolerances  for  the  AXAF  (Advanced  X-ray 
Astrophysics  Facility)  telescope  have  been  documented 
(3).  This  is  the  aost  prestigious  telescope  now  in  the 
early  stages  of  development  and  can  serve  as  an  example 
on  which  to  base  the  accuracy  requirements  cf  the 
measurement  instrumentation.  The  nominal  resolution  of 
the  AXAF  is  0.5  arc  second,  so  that  soae,  but  not  all, 
of  the  manufacturing  tolerances  for  the  somewhat  less 
demanding  telescopes  currently  under  development  uy  he 
relaxed  by,  say,  a  factor  of  5  to  10. 

The  aost  demanding  tolerances  are  those  associated 
with  the  axial  slope  and  parameters  aasoclsted  with 
deviations  froa  roundness,  and  surface  roughness.  The 
axisl  slope  tolerance  for  the  AXAF  mirrors  is  0.05  arc 
sec,  and  for  fabrication  purposes,  it  is  aore 
convenient  to  state  this  in  terms  of  the  permitted 
amplitude  variations  of  the  surface  for  the  spatial 
frequencies  which  aay  arise  as  a  result  of  the 
■anufacturlng  process.  The  tolerance  is  derived  froa 
geometric  optical  considerations,  and  the  relevant 
spatial  frequencies  nay  cover  a  range  of  values 
starting  at  the  length  of  the  mirror  down  to  the 
microaetre  region.  The  scatter  effects  produced  by  the 
higher  spatial  frequencies,  and  usually  referred  to  as 
roughness,  will  be  discussed  below.  The  tolerances  on 
surface  aaplitude  deviations  corresponding  to  a 
0.05  arc  sec  slope  tolerance  are  0.12  wa,  0.025  i«, 
0.012  |ia,  6  na,  2.5  na  for  spatial  frequencies  of 
500  aa,  100  aa,  50  aa,  25  ■■  and  10  am  respectively. 
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Different  manufacturing  procedures  require  to  be 
employed  to  correct  the  longer  and  shorter  wavelength 
errors.  The  parameters  associated  with  roundness  errors 
translate  to  sub-aicroaetre  deviations  for  the  possible 
spatial  frequencies  which  aay  be  present.  This  is  by  no 
■mans  a  comprehensive  description  of  the  fabrication 
tolerances  but  suffices  to  give  an  insight  into  some  of 
the  macrotopographlc  aanufacturlng  tolerances.  It  is 
Instructive  to  note  that  the  dlaaeter  of  the  telescope 
is  1.2  a,  so  that  in  general,  errors  of  1  in  ICf^  aay  be 
quite  significant,  and  to  compare  this  with  the  thermal 
expansion  coefficient  of  sllics  which  is  5  x  10~^  ir‘ 
and  the  long  tern  stability  of  high  quality  optical 
■aterlals  which  amounts  to  1  in  It^-IO^  linear  change 
per  annua  (A). 

The  effects  of  the  micrctopographlc  structure  is 
to  degrade  resolution  by  scattering  the  X-ray  beaa  over 
an  angular  range  around  the  central  beaa.  The 
proportion  of  energy  which  falls  within  a  one  arc 
second  dlaaeter  aperture  for  an  on-axls  point  source 
has  been  calculated  for  the  AXAF  telescope  (3),  for 
different  surface  roughnesses  and  a  0.05  ■■  correlation 
length  over  a  wavelength  range  of  0.15  nm  to  1.25  na, 
and  is  shown  in  fig.  1 .  This  demonstrates  clearly  the 
high  level  of  surface  finish  which  is  required  in  order 
to  achieve  an  adequate  resolution. 


Fig.  1  Calculated  proportion  of  energy  falling  within 
a  1  arc  sec  dlaaeter  aperture  for  an  on-axls  point 
source  as  a  function  of  wavelength  and  surface 
roughness  for  the  AXAF  airror  assembly.  (After  (3)). 

The  manufacturing  tolerances  of  high  resolution, 
grazing  incidence  X-ray  aicroscopes  (5)  are  not 
dlssiallar  to  those  of  telescopes.  For  a  microscope  of 
1)0  ma  dlaaeter,  a  tolerance  on  surface  fora  of  1  in  10^ 
corresponds  to  a  deviation  of  4  na.  This  is  a  demanding 
fabrication  requlreaent  and  also  presents  a 
considerable  challenge  to  the  aetrologist,  but  even  so 
provides  no  aore  than  an  intermediate  staging  post  to 
the  challenges  of  the  future.  The  successes  achieved  so 
far  in  enhancing  reflectivities  at  large  grazing  angles 
by  the  use  of  multilayer  interference  coatings  (6,7) 
raises  the  prospect  of  fully  exploiting  these 
components  to  achieve  their  potential  resolution. 
Considerations  siallar  to  those  in  the  visible  optics 
region  should  apply,  so  that  the  surface  figure  should, 
at  worst,  not  exceed  a  quarter  of  the  wavelength 
employed.  Both  figure  and  surface  finish  requirements 
are  thus  approaching  levels  comparable  to  atomic 
dlaenslona. 

A  siallar  requirement  for  surface  perfection  has 
been  discussed  by  Franks  et  al.  (8),  who  showed  that 
roughness,  even  at  atomic  levels,  limited  the 
diffraction  efficiencies  of  X-ray  gratings  to  less  than 
If  at  wavelengths  below  1  na. 
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MEASUREMENT  TECHNIQUES 

Measuring  aethods  fall  Into  two  distinct  classes: 
probe  aethods  where  the  surface  Is  measured 
sequentially,  point  by  point,  and  surface  aeasureaents 
by  Interferoaetry  where  substantial  areas,  or  the 
coaplete  alrror,  are  measured  simultaneously;  although 
some  Interferograas  may  require  to  be  evaluated 
sequentially. 

I.  PROBE  METHODS 

Mechanical  probes  may  be  employed  which  are 

maintained  In  contact  with  the  surface  to  be  measured. 
The  displacement  of  the  probe,  or  stylus.  Is  measured 
by  optical  or  electromechanical  methods.  The  probe  may 
also  be  In  the  form  of  a  beam  of  light  In  which  case 
there  Is  no  physical  contact  with  the  surface  being 
measured.  An  Important  advantage  of  the  mechanical 
probe  methods  Is  that  their  use  need  not  be  restricted 
to  reflecting  surfaces  and  can  thus  be  employed,  for 
example,  to  measure  the  figure  of  a  ground  glass 
surface  prior  to  polishing.  Probe  methods  are  also 
conveniently  and  conventionally  employed  to  measure 

mirror  datum  faces  or  flanges  and  the  correlation  of 
the  datum  face  with  the  mirror  surface  Is  facilitated 
If  one  Instrument  can  be  used  for  both  these 
measurements. 

1 .  MACROTOPOGRAPHY 

1 . 1  Independent  measurements  of  axial  profile 

circularity  and  diameter 

In  this  section,  methods  of  measurement  are 

described  using  different  machines  for  the  measurement 
of  each  of  these  three  Important  parameters.  It  Is  by 
no  means  a  trivial  problem  to  correlate  these 

Independent  measurements  to  obtain  a  comprehensive 
knowledge  of  the  form  of  the  component.  Correlation  Is 
facilitated  If  well-characterized  datum  faces  are  built 
Into  the  component. 

Measuring  machines  for  circularity  and  diameter 
are  widely  available  commercially,  because  these  are 
common  place  measurements  In  engineering  and  optics. 
The  measurement  of  axial  profile  Is  a  much  more 
specialized  requirement  and  has  stimulated  the 
development  of  a  small  number  of  machines,  mainly  for 
the  measurement  of  X-ray  telescope  mirrors,  but  more 
recently  also  for  X-ray  microscopes. 

1.2  Axial  profile 
(1)  Mechanical  probe 

At  least  three  machines  for  the  measurement  of 
X-ray  telescopes  have  been  described  In  the  literature. 
The  first  NPL  profile  measuring  machine  (9)  has  been 
extensively  used  since  It  became  operational  In  1976, 
not  only  for  X-ray  telescopes  but  also  for  concave  and 
toroidal  grating  blanks  and  synchrotron  mirrors  (10), 
and  has  also  been  specially  adapted  to  measure  the 
small  diameter  (40  mm)  bores  of  X-ray  microscopes  (5). 
Its  original  configuration  permitted  the  Internal 
measyrement  of  cylinders  down  to  diameters  of  200  mm. 
It  has  axial  and  transverse  travels  of  250  mm  and  15  mm 
respectively  and  positions  on  the  curve  are  measured 
with  resolutions  of  1  m  and  40  nm  In  the  respective 
directions.  The  axial  position  Is  measured  by  a  Moire 
fringe  grating  system  and  the  sagittal  position  by  an 
He-Ne  laser  Interferometer.  The  Interferometer  monitors 
the  separation  of  the  stylus  head  from  a  non-load 
bearing  reference  straight  edge,  which  Is  referred 
directly  to  the  work  being  measured,  and  a  tight 
metrological  loop  confers  high  Immunity  from  the 
effects  of  environmental  vibration.  Measurements  from 
the  two  axes  are  transferred  Into  buffer  stores  and  are 


then  processed  to  provide  an  output  both  In  analogue 
and  digital  form,  the  latter  permitting  rapid  data 
processing.  Readings  can  be  taken  at  up  to  100  data 
points  per  minute  and  thus  a  very  detailed  scan  can  be 
made  In  a  few  minutes,  virtually  eliminating  drift 
problems  due  to  temperature  and  other  environmental 
changes. 


Fig.  2  Measurement  of  the  profile  of  a  paraboloidal 
telescope  mirror. 


The  machine  Is  shown  In  fig.  2  In  the  process  of 
measuring  a  paraboloidal  telescope  mirror  having  a 
maximum  Internal  diameter  of  0.7  m.  The  main  design 
concepts  are  shown  In  fig.  3.  The  reference  straight 
edge  (S)  consists  of  a  fused  silica  bar  which  has  been 
polished  optically  flat  and  Calibrated  at  the 
Laboratory  to  5  nm.  The  bar  mountings  allow  movement  In 
the  Y  direction  and  permit  the  bar  to  be  referenced 
directly  to  the  work  (H)  being  measured,  through  the 
stand-off  posts  (P).  The  separation  of  the  work  and  the 
straight  edge  Is  measured  by  the  Interferometer  mounted 
on  the  carriage  C.  The  main  Interferometer  block  (I)  Is 
suspended  on  the  carriage  so  as  to  refer  directly  to 
the  straight  edge.  Independently  of  the  carriage 
motion.  The  moving  arm  carries  a  cube-corner  reflector 
mounted  behind  the  stylus  which  follows  the  work 
surface.  The  detectors  (D)  feed  quadrature  signals  to 
an  up-down  counter  registering  the  sagittal  position. 


Fig.  3  Principle  of  the  profile  measuring  machine. 
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The  digital  record  can  be  proceased  by  a  coaputer 
and  the  output  uaually  conalsts  of  an  error  curve 
showing  the  deviation  of  the  measured  profile  from  that 
of  a  specified  curve. 

The  second  NPL  profile  measuring  machine  (11), 
which  Is  still  under  development,  was  designed 
specifically  for  the  measurement  of  X-ray  microscopes 
where  sagittal  measurements  have  to  be  made  to  an 
accuracy  of  a  few  nanometres,  Instead  of  the 
sub-aloroaetre  accuracies  required  for  the  most  of  the 
current  telescopes.  This  machine  la  more  compact  than 
the  earlier  one  and  this  assists  In  further  reducing 
the  effects  of  environmental  disturbances.  Both  the 
longitudinal  and  sagittal  measurements  are  made 
Interferometrlcally  and  the  sagittal  Interferometer 
will.  In  Its  final  form,  be  referred  optically,  rather 
than  mechanically,  to  the  reference  surface,  so  that  It 
Is  not  subjected  to  any  varying  stresses.  A 
Hewlett-Packard  Interferometer  system 'Is  employed  with 
a  specially  developed  10X  resolution  extender.  The 
system  has  a  theoretical  maximum  sagittal  resolution  of 
0.8  nm.  The  optical  reference  surface  can  be  calibrated 
against  the  standard  NPL  liquid  surface  flatness 
measuring  Interferometer  (12)  which  has  a  measurement 
sensitivity  of  1/1000  fringe  or  0.27  nm.  The 
measurement  uncertainty  expreased  as  the  arithmetic  sum 
of  the  Individual  uncertainties  Is  ^^.2  nm  or 
*  0.97  nm.  If  they  are  sumsKd  In  quadrature. 

An  advantage  of  using  Interferometric,  as  opposed 
to  analogue,  measurement  of  the  displacement  of  the 
probe  Is  that  the  accuracy  of  the  measurement  (l.e.  a 
fixed  fraction  of  a  fringe)  la  Independent  of  the  range 
of  motion.  For  shallow  curves,  simple  electromechanical 
transducers  can  also  be  employed,  provided  the 
resolution,  which  Is  a  fixed  fraction  of  the  total 
displacement  of  the  transducer,  la  adequate  for  the 
purposes.  Lalne"  et  al.  (13)  employ  a  linear  air  bearing 
(straight  to  0.1  uo  end  which  can  be  calibrated  to 
0.01  wm)  as  their  straight  line  reference  and  use  an 
electrical  gauge  micrometer  (having  a  resolution  of 
0.01  pm)  to  measure  the  deviations  from  straightness  of 
an  X-ray  telescope.  The  X  and  Y  outputs  are  digitized 
to  give  an  error  curve.  Some  commercially  produced 
Instruments,  such  «s  the  Rank  Taylor  Hobson  Ltd 
"Talytron  S200"  employ  similar  principles  to  measure 
departure  from  straightness,  the  magnification  of  the 
system  being  set  by  the  maximum  displacement  to  be 
measured.  The  sensitivity  of  an  Induction  probe 
displacement  measuring  transducer  has  been  used  to 
maximum  advantage  In  a  telescope  profile  measuring 
machine  (14)  by  employing  a  spherical  Instead  of  a 
linear  reference  surface.  The  circular  section  was  a 
reasonably  close  fit  to  the  conlcoldal  section  so  that 
the  maximum  departure  did  not  exceed  20  urn.  The 
resolution  of  the  probe  was  0.05K  of  the  full  scale 
deviation,  so  that  a  measured  accuracy  to  ^  0.01  pm  was 
achieved. 

(11)  Optical  probe 

In  the  optical  probe  methods,  the  angular  or 
linear  displacements  of  a  light  beam  reflected  frcm  the 
mirror  surface  provide  a  direct  measure  cf  changes  In 
surface  slope  as  the  probe  tracks  alcng.  The  slcpe 
changes  are  easily  converted  Into  profile  changes  on 
the  assumption  that  there  are  no  discontinuities,  such 
as  steps.  In  the  surface,  to  which  the  technique  Is 
Insensitive.  (Steps  are  not  uncommon  In  surfaces 
machined  by  digital  numerical  control.)  The  techniques 
employed  are  closely  related  to  the  classical,  and  very 
sensitive,  method  of  profile  measurement  In  which 
changes  In  slope  may  be  measured  to  sub-arc  second 
accuracy  by  means  of  an  autocolllmator  trained  on  a 
mirror,  mounted  perpendicular  to  the  surface  to  be 
measured,  and  along  which  It  is  translated  In  known 
Increments. 


The  requirements  of  X-ray  microscopy  stimulated 
the  development  of  the  NPL  method  (15)  In  which  a  laser 
beam  parallel  to  a  generator  of  the  microscope  surface 
Is  directed  onto  the  surface  after  reflection  by  a 
pentaprism.  Light  which  traverses  a  pentaprlam  Is 
rotated  through  a  right  angle,  so  that  the  beam 
reflected  from  the  surface  will,  after  transmission 
through  the  pentaprism,  return  at  an  angle  between  It 
and  the  Incident  beam  equal  to  twice  the  slope.  This 
angle  Is  measured  by  focusing  the  beam  onto  a  position 
sensitive  detector,  and  nulling  It  with  an  optical 
micrometer.  In  Its  present  state  of  development,  the 
machine  Is  capable  of  measuring  slope  changes  to 
0.2  arc  sec;  the  overall  uncertainty  In  profile 
measurement  does  not  exceed  5  nm.  The  spatial 
resolution  Is  slightly  less  than  0.9  mm,  so  that  the 
measurements  are  averaged  over  this  distance. 

A  proprietary  laser  scanning  technique  has  also 
been  developed  by  Random  Devices  (16)  for  the 
measurement  of  X-ray  microscopes.  The  beam  Is  scanned 
over  the  surface  to  be  measured  and  the  local  slopes 
are  determined  from  the  displacements  of  the  reflected 
beam  using  a  position-sensitive  detector.  The  system 
also  has  a  sensitivity  of  0.2  arc  sec. 

(Ill)  Relative  merits  of  mechanical  and  optical  probes 

Ultimately  both  systems  may  well  be  capable  of 
measuring  profiles  to  about  1  nm.  This  Is  of  such 
unprecedented  accuracy  that  It  Is  desirable  to  have  two 
entirely  independent  methods  of  measurement  available, 
and  this  Is  the  motivation  to  pursue  the  development  of 
both  techniques  at  NPL. 

The  optical  probe  has  the  two  advantages  of 
mechanical  simplicity  and  that  It  Is  non-contacting.  At 
worst,  however,  the  mechanical  stylus  could  produce 
damage  along  the  line  of  contact,  but  the  area  damaged 
would  be  relatively  small,  so  that  Its  effect  can  be 
discounted.  In  practice,  no  damage  has  been  detected 
with  styll  of  radii  0.5  mm  and  1  mm  and  loadings  of  a 
few  grams.  The  spatial  resolution  of  the  stylus  method 
Is  superior  to  that  of  the  optical  probe:  with  a  1  mm 
diameter  stylus  and  a  peak  to  valley  surface  roughness 
of  0.1  urn  and  0.01  usii  ihe  spatial  resolutions  are 
20  and  6  urn  respectively. 

The  mechanical  stylus  method  Is  not  dependent  on 
the  surface  finish  of  the  component  under  test  while 
with  the  optical  method  the  surface  must  be  reflecting. 
The  results  must  also  be  treated  with  some  caution  If 
the  surface  exhibits  a  marked  topographic  structure.  In 
the  case  of  the  diamond  turned  surface  shown  In  fig.  4 
at  least  two  of  several  periodicities  are  clearly 
visible:  one  of  about  18  urn  equal  to  the  turning  pitch 
and  one  about  10  times  greater  which  arises  from 
perlodlcltes  within  the  machine.  The  diffraction 
spectra  produced  by  these  spaclngs  fall  within  a  few 
minutes  to  a  few  degrees  from  the  reflected  beam  and 
may  affect  the  output  of  the  position-sensitive 
detector  to  give  an  erroneous  result.  As  the  quality  of 
the  surface  Improves  these  effects  should  become 
negligibly  small. 
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Fig.  4  Nanosurf  trace  of  a  dianond-turned  bore.  The 
18  ]m  and  180  vib  periodicities  are  clearly  visible. 
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1.3  Circularity 

The  basis  of  circularity  measurements  Is  a  precise 
axis  of  revolution.  The  departure  from  circularity  is 
measured  with  a  linear  transducer  In  contact  with  the 
work.  There  are  two  options:  either  the  work  is  placed 
on  a  precision  rotary  table  and  the  transducer  is  kept 
stationary,  or  the  transducer  is  attached  to  a  rotating 
spindle,  the  work  piece  being  stationary.  The  latter  is 
convenient  for  in  situ  measurements.  Many  commercial 
systems  are  available  with  computer  outputs  to  provide, 
for  example,  the  beat  fit  (least  squares)  circle,  the 
maximum  inscribed,  the  minimum  clcumscrlbed  circles  and 
an  harmonic  analysis  of  the  amplitudes  and  phase 
relationships  of  the  measured  form.  Spindles  with 
radial  accuracies  of  between  0.01  pm  and  0.1  ere 
readily  available.  Fig.  5  shows  a  circularity 
measurement  being  made  with  a  stationary  telescope 
mirror  and  using  the  Rank  Taylor  Hobson  Talytron  R300 
portable  spindle  which  incorporates  centering  and  tilt 
adjustments.  The  instrument  can  conveniently  be  used  to 
measure  the  flatness  of  the  reference  flanges  and  also 
squareness  of  the  mirror  axis  by  determining  the  centre 
of  rotation  at  different  levels. 

1.4  Diameter 

The  standard  procedure  in  measuring  diameters  is 
to  adjust  the  position  of  a  probe  until  the  maximum 
reading  is  obtained  when  the  probe  contacts  opposite 
faces.  This  slightly  arbitrary  and  statistically 
questionable  procedure  may  be  dispensed  with  by  using  a 
two-axis  measuring  machine.  The  microscope  profile 
measuring  machine,  previously  referred  to,  has  been 
adapted  to  measure  diameters  and  fig.  6  shows  it  being 
used  to  measure  a  silica  ellipsoidal  microscope  mirror, 
made  by  Astron  Developments  Ltd  (Unit  1 ,  Aerodrome  Way, 
Heston,  UK),  A  number  of  measurements,  made  close  to  a 
diameter,  say  four  on  each  aide,  are  enough  to 
establish  the  diameter  of  a  circle  using  a  least 
squares  fitting  procedure,  to  derive  the  best  circle  to 
fit  the  eight  measurements.  The  measurement  sensitivity 
is  5  nm.  Absolute  measurements  are  derived  from 
secondary  standards  which  are  normally  calibrated  to 
0. 1  urn. 

A  portable  gauge  has  been  devised  by  Mr  S.P.  Poole 
at  NPL  for  the  measurement  of  large  disuieters  and  is 
shown  in  fig.  7.  It  consists  of  a  length  bar  (a 
secondary  standard  of  length),  one  end  of  which  is 
fitted  with  a  sensitive  electronic  displacement  gauge. 
The  length  bar  and  gauge  are  selected  to  suit  a 
particular  mirror  diameter  and  can  be  mounted  at 
different  heights  to  enable  measurements  of  diameter 
and  taper  to  be  made  in  different  diametral  planes.  The 
length  bar/gauge  assembly  is  calibrated 
interferometrically  on  the  NPL  length  bar  measuring 
machine  (17)  and  can  give  measurements  to  an 
uncertainty  of  1  part  in  10®. 

1.5  Dimensional  measurements  using  a  3-axls 

measuring  machine 

The  use  of  a  3-axis  measuring  machine  would  enable 
a  self-consistent  set  of  mirror  surface  coordinates  to 
be  obtained  and  relate  these  to  the  mirror  datum  f&cus, 
as  well  as  yielding  profile,  circularity  and  diametral 
data.  No  suitable  commercially  made  machine  appears  to 
be  available  so  that  NPL  is  now  engaged  in  studying 
various  design  options  prior  to  developing  a  suitable 
machine.  The  cylindrical  symmetry  of  X-ray  optical 
mirrors  suggests  that  the  machine  should  measure  in 
cylindrical  coordinates. 


Fig.  5  Measurement  of  circularity  with  a  portable 
spindle. 


Fig.  6  Diameter  measurement  with  a  2-axis  measuring 
machine . 


Fig.  7  Diameter  measurement  with  a  portable  gauge. 
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2.  MlCHOTOPOGRAPHy 
1 .  Mechanical  probe 

Under  suitable  envlronoental  conditions, 
■easureaents  of  mlorotopographic  structure  with 
aaplltudes  of  0.5  na  or  leas  can  be  made  with  the 
Talystep  (Rank  Taylor  Hobson  Ltd).  The  NPL  machine  Is 
housed  underground  In  a  temperature  controlled 
environment.  With  a  suitable  stylus,  a  lateral 
resolution  of  0.2  um  Is  achievable.  An  NPL  study  (18) 
has  shown  that  Talystep  measurements  agree  with  optical 
methods  to  within  1  nm  and  that  the  lightly  loaded 
stylus  (maximum  load  2  mg)  produces  undetectable  or 
negligibly  little  d£uiage  In  a  range  of  commonly  used 
optical  materials. 

The  form  of  the  commercial  version  of  the  machine 
is  not  suitable  for  measurement  Inside  bores  and  an 
instrument  has  been  developed  at  the  Laboratory 
specifically  for  the  measurement  of  the  surface 
roughness  of  X-ray  microscopes.  The  instrument,  now 
called  the  Nanosurf  (19),  is  shown  In  fig  8.;  its 
construction  Is  based  on  the  transducer  system  of  the 
Talystep,  and  Its  sensitivity  is  the  same  as  that  of 
the  standard  Instrument.  The  outputs  from  both 
Instruments  have  been  digitized  to  enable  the 
measurements  to  be  processed  by  computer.  It  Is  now 
possible  to  obtain,  quite  rapidly,  amplitude 
distributions  and  other  statistical  functions  of  the 
surface  topography. 


Fig.  8  Measurement  of  the  surface  roughness  of  the 
bore  of  an  X-ray  microscope  with  the  Nanosurf 
Instrument . 

2.  Optical  probe 

(1)  Optical  heterodyne  profllometry 

In  an  NPL  version  of  this  technique  (20),  the  key 
component  Is  a  double  focus  microscope  objective 
containing  a  blrefringent  element.  The  objective 
produces  two  orthogonally  polarized  beams;  one  focused 
as  a  fine  spot  on  the  surface  being  measured  and  the 
other  covering  a  much  larger  area,  and  acting  as  a 
reference  beam.  After  reflection  from  the  surface,  the 
two  beams  are  recombined  and  converted  to  a  linear 


polarization,  the  azimuth  of  which  depends  on  the 
optical  path  difference  between  the  consltuent  beams 
and  hence  on  the  surface  profile.  The  length 
sensitivity  Is  0.1  nm  and  the  lateral  resolution  Is 
0.8  urn. 

An  alternative  approach  (21)  Is  somewhat  more 
complex  mechanically.  Two  orthogonally  polarized  beams 
of  slightly  different  frequencies  are  focused  with  a 
microscope  objective  onto  the  surface  to  be  measured. 
Both  focused  beams  have  a  diameter  of  2  imi  and  are 
separated  by  100  urn.  After  reflection  from  the  surface 
and  recombination  In  the  optical  system,  the  phase  of 
the  beat  frequency  of  the  Interfering  return  beams  Is 
directly  proportional  to  their  optical  path  difference 
and  this  Is  related  to  the  surface  topography.  The 
specimen  to  be  measured  Is  mounted  on  a  precision 
rotary  air  bearing  table,  and  one  beam,  centred  on  the 
axis  of  rotation  acts  as  the  reference  for  the  other 
beam  which  scans  over  the  surface.  The  height 
sensitivity  Is  also  0.1  nm,  but  the  spatial  resolution 
Is  thus  somewhat  worse  at  2  urn. 

Some  caution  must  be  observed  In  applying  these 
techniques  generally.  Firstly,  the  optical  path 
differences  cannot  be  equated  unequivocally  with 
topographic  differences,  because  phase  changes  may 
occur  on  reflection  which  are  dependent  on  the  local 
microstructure  of  the  surface  or  on  the  structure  of 
any  thin  films  deposited  on  the  surface.  Secondly,  it 
is  well-known  (22)  that,  as  a  result  of  obliquity 
effects,  a  microscope  objective  will  Introduce  a  phase 
shift  which  may  average  about  10$  over  a  numerical 
aperture  of  0.6  and  which  Increases  with  Increasing 
aperture.  Hence  if  the  light  scattered  from  a  feature 
on  the  surface  does  not  fill  the  aperture  uniformly, 
then  a  variable  phase  shift  will  be  introduced  which 
will  produce  erroneous  topographic  information. 

(11)  Nomarski  microscopy 

The  Nomarski  polarization  interference  microscope 
(23)  is  not  strictly  a  metrological  tool  because  the 
results  obtained  are  semi-quantitative  only.  It  is 
sensitive  to  topographic  changes  in  the  sub-nanometre 
region  and  has  a  lateral  resolution  of  0.2  um.  It  Is  an 
extremely  useful  instrument  for  undertaking  Inspections 
during  and  subsequent  to  polishing.  A  special  bore 
Inspecting  Nomarski  microscope  has  been  constructed  and 
found  Invaluable  for  examining  X-ray  telescopes. 

(ill)  Other  optical  methods 

Some  other  optical  methods  have  been  discussed  by 
Lindsey  and  Penfold  (2U)  and  Bennett  (25).  The  greatest 
attention  has  been  paid  to  FECO  interferometry  and 
optical  scatter  methods.  In  the  FECO  method,  the 
specimen  and  reference  surface  must  be  thickly 
metallized  to  achieve  the  required  reflectivity,  so 
that  the  measurements  are  made  of  the  roughness  of  the 
coated  surface.  Ample  electron  microscope  evidence 
exists  (26)  to  demonstrate  that,  even  when  great  care 
is  taken,  coated  surfaces  may  be  rough  and  that  the 
roughness  depends  on  factors  which  are  not  necessarily 
related  to  the  roughness  of  the  substrate.  The  FECO 
technique  is  most  useful  when  the  specimen  and 
metallized  coating  structures  are  dissimilar.  The 
technique  Is  sensitive  to  height  changes  of  0.2  nm,  but 
the  lateral  resolution  Is  about  2  pm;  this  relatively 
poor  resolution  tends  to  give  low  values  for  the  slopes 
of  defects  (27).  It  should  also  be  noted  that  unless 
great  care  Is  taken,  the  accuracy  of  measurements  with 
FECO  fringes  may  be  considerably  poorer  than  that 
obtained  more  simply  and  quickly  using  the  less 
expensive  equipment  for  Flzeau  multiple  beam 
interferometry  (18),  In  the  scatter  methods,  the 
surface  topography  is  deduced  from  the  scatter 
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MMurawMits  and  requirea  that  a  hypothatloal  Model  of 
the  surface  be  postulated.  The  technique  becoaes 
suspect  If  regular  periodicities  exist,  resulting,  for 
axa^tle,  froa  dlaaond  turning  (28),  or  where  soratohes 
or  other  aaorosooplc  defects  are  present  which  are  not 
aaenable  to  statistical  Manipulation  or  In  the  case  of 
certain  coated  surfaces  (29). 

(iv)  Relative  aerlts  of  aechanloal  and  optical  probes 

The  Mechanical  probe  aeth  jd  has  a  vertical  and 
lateral  resolution  equal  to  the  best  of  the  optical 
Methods.  In  general,  the  optical  Methods  are  less 
direct  and  the  results  require  Interpretation:  they 
beooae  less  suspect,  the  acre  perfect  the  surface. 

3.  Electron  Microscopy 


transalttlng  flla,  is  placed  at  the  laage  plans  of  the 
optic  within  the  central  aaxlaua  of  the  point  spread 
function  of  the  focused  besM.  The  spherical  wave 
propogated  froa  this  pinhole  will  Interfere  with  the 
diverging  wave  froa  the  optic  tranaaltted  through  the 
seai-transparent  flla.  The  fringes  produced  can  be 
related  to  the  fora  of  the  optic. 

In  a  graslng  incidence  systea,  the  sensitivity  of 
the  interferoaeter  is  reduced  a  factor  sin  6,  but  the 
sensitivity  can  be  enhanced  by  reducing  the  wavelength. 
The  authors  describe  a  novel  variation  of  the  technique 
which  should  allow  the  Interferoaeter  to  be  used  st 
least  down  to  the  hydrogen  Lyaan*a  line  of  wavelength 
121.6  na  and,  in  principle,  at  X-ray  wavelengths,  k 
grazing  Incidence  airror  and  a  point  scatterer  (a 
dlaaond  or  an  aluminized  spot)  may  be  substituted  for 
the  pinhole  and  its  surrounding  aetallized  film. 


The  aethods  of  surface  roughness  Measurement 
discussed  so  far  have  at  best  a  lateral  resolution  of 
about  0.2  pa  and  a  vertical  resolution  of  0. 1-0.5  na.  A 
very  much  enhanced  lateral  resolution  of  1  na  has  been 
achieved  by  Butler  (26)  using  transalssion 
stereo-electron  aicroscopy.  The  vertical  resolution  is 
also  about  1  na.  The  technique  Is  tedious  and  requires 
that  a  replica  be  made  of  the  surface  to  be  examined. 


3.  Twyaan-Green  and  related  Interferometers 

A  simple  Interferoaeter  employed  by  Dr  K  G  Birch 
at  HPL  for  testing  optical  systems  having  one  conjugate 
at  infinity  Is  shown  in  fig.  9,  with  a  parabolic  sector 
X-ray  mirror  under  test.  The  alignment  facet 
facilitates  the  resetting  of  the  optic,  when  it  Is  used 
In  service. 


II.  SURFACE  EVALUATION  BY  INTERFEROMETRY 

The  advantages  of  Interferometric  examination  of 
the  optical  surface  Is  that  In  some  types  of 
interferoaeter  the  whole  or  a  large  part  of  the  surface 
may  be  Inspected  at  a  time.  The  disadvantages  are  that, 
in  most  Instances,  the  light  path  must  follow  the  X-ray 
path  in  order  to  take  advantage  of  the  focusing 
properties  of  the  component,  and  at  a  grazing  angle 
ofe,  the  Interferometric  measurements  are  desensitized 
by  a  factor  of  sin  6  which  is  about  a  factor  of  60  at  1 
and  15  at  4°.  One  fringe  would  therefore  correspond  to 
a  change  in  contour  of  36  ua  or  9  pa  respectively, 
using  an  He-Ne  633  nm  laser.  The  sensitivity  can  be 
enhanced  by  employing  shorter  wavelengths  or  by  using  a 
aultl-pass  Interferoaeter,  where  the  light  emerging 
froa  the  systea  is  reflected  back  In,  one  or  more 
times.  However,  with  an  imperfect  mirror  the  resultant 
Interferograa  becomes  so  complex  that  detailed 
Interpretation  becomes  difficult.  In  comparison  with 
the  probe  methods,  most  Interferometric  aethods  are 
less  sensitive,  less  aaenable  to  in  situ  measurements, 
cannot  be  used  when  the  surface  Is  non-reflecting  and 
the  measurements  are  also  less  aaenable  to  rapid 
computer  processing. 

1.  Noraal  Incidence  Interferometry 

This  is  a  direct  method  of  measurement  and  Is  akin 
to  the  probe  methods  previously  discussed.  The  gap 
between  the  optic  and  a  reference  optical  surface  Is 
determined  by  aeasureaent  of  the  "Newton*  fringe 
pattern.  If  the  reference  surface  Is  flat  then  the 
fringes  nay  be  too  finely  spaced  to  yield  useful 
Inforastlon.  For  the  Einstein  mirrors,  the  reference 
surface  was  a  toroidal  test  plate  (30).  The  positions 
of  the  fringes  were  observed  with  the  aid  of  a 
travelling  microscope  and  were  noted  manually  by 
pushing  a  control  button;  the  Information  being 
recorded  on  paper  tape  for  subsequent  processing. 
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Fig.  9  Interferometric  measuremsnt  of  a  parabolic 
sector  mirror. 


System  A  Is  used  to  align  the  laser  to  the  mirror 
and  to  set  the  alignment  pinhole.  The  mirror  .^s 
adjusted  so  that  the  light  reflected  by  the  alignment 
facet  returns  to  the  entrance  pinhole.  The  alignment 
pinhole  is  set  to  coincide  with  the  point  image  formed 
by  the  X-ray  mirror,  and  a  microscope  may  be  employed 
to  examine  the  quality  of  the  Image  and  to  optimize  the 
setting.  In  order  to  ex^unlne  the  mirror 
Interferometrically,  the  relative  positions  of  the 
mirror  and  the  alignment  pinhole  are  kept  fixed  and  a 
beeua  bending  systea  is  Interposed  to  direct  the  light 
to  a  second  beam  expander  and  to  illuminate  the 
alignment  pinhole  as  shown  In  System  B.  The 
interferometric  components  consist  of  a  beam  splitting 
cube,  a  concave  spherical  reference  airror  and  a  plane 
mirror  positioned  as  shown.  For  a  perfect  mirror,  the 
Interferograa  will  consist  of  straight  fringes,  and 
since  this  Is  a  double-pass  interferometer,  the  fringe 
spacing  corresponds  to  a  difference  in  contour  of 
X/4  sine. 


2.  The  Llnnlk  Interferometer 


SOME  EXAMPLES 


.  Speer  et  al.  (31)  have  exploited  the  principle  of 

the  coaaon-path  Llnnlk  Interferoaeter  (32,  33)  to  the 
testing  of  grazing  inoidenos  optics.  In  the  system 
described  by  Llnnlk,  a  pinhole,  in  a  partially 


Three  examples  are  given  to  Illustrate  the  range 
and  relative  merits  of  the  measuring  techniques  which 
are  employed. 
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1.  An  X-ray  telescope  olrror 

The  parabolic  mirror  of  the  L.CXT  (Large  Cosmic 
X-ray  Telescope)  is  shown  in  Yig.  2.  Its  maximum 
diameter  is  Just  under  0.7  m  and  it  is  nearly  0.6  m 
long.  Fig.  10  is  a  representation  of  the  mirror  as  it 
might  be  seen  by  a  metrologist,  with  an  emphasis  on  the 
defects,  and  which  presents  him  with  the  challenge  of 
devising  methods  of  measurement  which  will  enable  the 
mirror  to  be  adequately  characterized. 

The  mirror  was  diamond-turned  at  Oak  Ridge 
National  Laboratory  and  was  given  a  detailed 
metrological  examination  on  receipt.  Circularity 
measurements  were  made  with  the  Talytron  (fig.  5),  the 
output  of  which  is  a  chart  showing  departures  from 
circularity.  Because  of  the  complex  form  of  the  mirror 
section  revealed  by  the  circularity  measurements,  forty 
such  measurements  were  made  at  25  mm  Intervals  along 
the  axis.  Such  a  detailed  exploration  also  revealed  the 
existence  and  location  of  discrete  features  (B)  such  as 
bulges  or  depressions  in  the  surface.  Some  of  these 
features  extended  200  mm  axially  and  20°  azlmuthally 
and  the  maximum  radial  deviation  was  40  urn.  One  set  of 
4  depressions  was  disposed  symmetrically  about  the 
axis.  Apart  from  these  special  features,  the  local 
departures  from  circularity  were  about  3  ym  in  the 
central  region. 

Another  feature  of  the  Talytron,  and  many  other 
circularity  measuring  Instruments,  is  that  it  yields 
the  position  of  the  mean  centre  (C)  of  the  circular 
section  relative  to  the  axis  of  the  spindle.  Hence  the 
direction  of  the  axis  of  the  mirror  relative  to  a  datum 
flange  can  be  found  by  making  a  series  of  circularity 
measurements  at  different  heights,  while  keeping  the 
mirror  and  spindle  axis  fixed  in  position.  These 
measurements  showed  that  the  mirror  axis  was  straight 
to  better  than  1  ym  and  made  an  angle  of  2  arc  sec  with 
the  mounting  flange. 

The  departure  from  flatness  of  the  mounting  flange 
was  measured  by  adjusting  the  indicator  to  measure 
vertical  translations.  This  showed  that  the  flange  was 
saddle  shaped,  as  indicated  in  fig.  10,  with  a  maximum 
departure  from  flatness  of  4  ym.  A  similar  measurement 
made  on  the  flange  of  the  mating  mirror  would  Indicate 
the  optimum  relative  orientation  of  the  mirrors  to 
minimize  distortion  when  they  are  clamped  together. 


Fig.  10  An  X-ray  mirror  showing  axial  and  azimuthal 
perturbations,  axial  misalignment  and  flange 
distortion. 


Diametral  measurements  (fig.  7)  were  made  in 
orthogonal  directions  at  5  axial  positions  and  showed 
that  the  di2UDeters  departed  by  about  3  ym  from  their 
specified  values,  over  the  central  region.  These 
measurements  also  yielded  the  cone  angle  error  (the 
error  in  the  mean  slope  of  the  mirror)  and  this 
amounted  to  less  than  1  arc  sec. 

A  series  of  profile  measurements  were  made  which 
Indicated  that  in  general,  the  prc.lle  departed  by  no 
more  than  2  ym  from  the  theoretical  form  over  the 
central  region,  although  the  departures  near  the 
flanges  amounted  to  20  un. 

These  measurements  taken  together  afforded  an 
adequate  basis  for  characterizing  the  form  of  the 
mirror  and  for  planning  the  lapping  and  polishing 
strategy.  It  should  be  noted  that  some  of  the  features 
described  (as  well  as  some  other  distortions)  cannot  be 
attributed  to  the  characteristics  of  the  high  quality 
dl2Uiiond  turning  machine  which  was  used  to  fabricate  the 
mirror.  Service  conditions  require  the  mirror  to  be 
thin-walled  (7.6  mm  thick),  so  that  it  had  to  be 
supported  in  a  stiff  retaining  shell  during  machining. 
A  rubber  Interlayer  was  also  extruded  between  the 
mirror  and  stiffening  shell  to  assist  in  damping 
vibrations  Induced  by  the  machining  process.  The  four 
depressions  previously  referred  to,  correspond  in 
position  to  the  four  injection  sites  for  the  rubber 
potting  material,  and  most  of  the  other  distortions  can 
also  be  directly  attributed  to  the  stiffening  system. 
The  problem  of  mounting  thin-walled  components  without 
distortion  is  by  no  means  trivial. 

As  well  as  figure  measurements,  surface  finish 
measurements  were  also  made  and  a  Talysurf  trace  of 
part  of  the  mirror  is  shown  in  fig.  11.  The  surface 
finish  varied  considerably  over  the  length  of  the 
mirror  and  differed  also  from  that  of  the  mating 
hyperboloid,  so  that  quite  different  finishing 
procedures  had  to  be  adopted  for  the  two  mirrors. 


Fig.  11  Talysurf  trace  of  the  LCXT  paraboloid. 

Measurements  of  the  type  described  were  taken  at 
successive  manufacturing  stages  and  the  data  were  used 
to  predict  X-ray  performance.  The  telescope  was 
predicted  to  have  a  resolution  of  40  arc  sec  and 
subsequent  measurements  made  at  the  X-ray  test  facility 
at  the  Marshall  Space  Flight  Center  indicate  that  the 
FWHM  of  the  mirror  point  spread  function  was  less  than 
30  arc  sec.  Fig.  12  is  a  Nomarski  photograph  of  the 
paraboloidal  surface  and  is  typical  of  the  whole 
mirror.  The  image  is  virtually  structureless,  which 
indicates  that  any  residual  roughness  was  beyond  the 
1  nm  resolution  limit  of  the  microscope. 


Fig.  12  Nomarski  micrograph  of  the  LCXT  paraboloid. 


2. 


A  parabolic  sector 


This  was  the  focusing  optic  used  in  the  X-ray 
spectrograph  spectrometer  telescope  (XSST)  system  (35). 
It  is  a  60°  sector  of  an  extreme  off-axis  paraboloid 
and  the  reflecting  surface  is  approximately  rectangular 
with  dimensions  of  210  x  104  mm  and  is  made  of 
'Spectrosil ' ,  a  vitreous  synthetic  silica. 

After  initial  grinding  of  the  blank  at  Astron 
Developments  Ltd,  the  deviations  of  the  profile  from 
the  theoretical  form  were  about  1  tm,  as  measured  on 
the  profile  measuring  machine.  The  deviations  were  of 
such  a  nature  that  differential  lapping  techniques  had 
to  be  employed  to  correct  the  figure  and  this  was  done 
by  iterative  lapping  and  measurement  cycles.  To 
maintain  a  high  production  efficiency,  the  measurement 
cycle  is  kept  as  short  as  possible:  the  blank  can  be 
cleaned  adequately  enough  for  measurements  in  the 
intermediate  stages  in  15  minutes,  and  the  profile 
measurements  of  three  generators  and  interpretation  of 
results  occupy  less  than  a  hour.  The  final  measurement 
is  shown  in  the  form  of  an  error  curve  in  fig.  13  which 
indicates  that  the  surface  deviations  did  not  exceed 
0.1  urn  over  the  active  length  cf  the  mirror. 
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Fig.  13  Departure  of  the  axial  profile  of  the  XSST 
mirror  from  its  specified  form. 

An  interferometric  examination  was  also  made  using 
the  interferometer  shown  in  fig.  9,  and  an 
interferogram  obtained  at  an  intermediate  stage  of  the 
figuring  process  is  shewn  in  fig.  14.  The  deviations 
from  a  straight  line  fringe  pattern  are  a  measure  of 
the  surface  fringe  errors  and  each  fringe  corresponds 
to  a  contour  differential  of  x/dsine  sS.Su®* 


Fig.  14  Interferogram  of  the  XSST  mirror. 

3.  An  X-ray  microscope 

The  Wolter  I  microscope  consists  of  complete 
hyperbololdal  and  ellipsoidal  cylinders  of  revolution 
and  was  machined  in  one  piece.  The  maximum  diameter  is 
about  40  mm  and  the  total  length  is  36  mm.  The 
substrate  is  steel  and  it  is  coated  with  approximately 
100  :ai  of  electroless  nickel.  The  microscope  was 
diamond-turned  at  the  Lawrence  Livermore  National 
Laboratory  and  is  described  in  greater  detail  by  Price 
(36).  The  metrology  of  the  microscope  was  undertaken  as 
part  of  a  developoient  program  to  improve  its  figure  and 
surface  finish. 

The  surface  finish  of  the  mirrors  were  measured 
with  the  Nanosurf  machine  (fig.  8)  and  the  profile  of 
part  of  the  ellipsoidal  mirror  is  shown  in  fig.  15.  A 
variety  of  closely  spaced  larger  scale  undulations  are 
clearly  visible.  The  peak  to  valley  amplitude  of  the 
surface  irregularities  does  not  exceed  about  60  nm  and 
is  generally  in  the  range  of  10-40  nm.  The  dramatic 
improvement  obtained  after  10  hours  of  lapping  and 
polishing  is  shown  in  the  figure,  the  residual 
roughness  being  about  1  nm  peak  to  valley.  The 
improvement  in  surface  form  after  10  hours  of  lapping 


Fig.  15  Nanosurf  traces  of  surface  roughness  of 
microscope  ellipsoid  (a)  after  diamond  turning, 
(b)  after  10  hours  of  lapping  and  polishing. 
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Fig.  16  Departure  of  the  ellipsoidal  mirror  from 
its  specified  form  before  and  after  10  hours  of  lapping. 

is  shown  in  fig.  16,  which  was  obtained  with  the  NPL 
optical  probe  profile  measuring  machine.  It  is 
interesting  to  note  how  remarkably  accurate  the  LLNL 
diamond  turning  machine  is,  in  that  the  deviations  from 
the  specified  surface  figure  do  not  exceed  50  nm  peak 
to  valley  and  that  they  are  comparable  to  the  roughness 
amplitudes  produced  by  turning. 

DISCUSSION 

The  development  of  mechanical  and  optical 
techniques  for  measuring  X-ray  components  is  now 
reaching  the  stage  where  some  confidence  can  be 
expressed  in  their  reliability  and  accuracy.  In  the 
next  development  phase,  effort  should  be  devoted  to 
undertaking  detailed  theoretical  and  experimental 
studies  to  correlate  these  measurements  with  the 
measured  X-ray  performance  in  order  to  be  able  to 
predict  the  latter  more  precisely.  It  is  not  usually 
possible  to  use  X-ray  tests  diagnostically  to  localize 
any  particular  source  of  error  because  X-ray  evaluation 
is  more  frequently  carried  out  on  a  complete  assembly 
rather  than  a  discrete  component.  Two  X-ray  techniques 
(37)  have  been  developed  to  examine  surface  quality.  In 
one,  short  wavelength  X-rays  (say  0.15  nm)  are  incident 
at  the  nominal  critical  angle.  Deviations  in  surface 
slope  of  less  than  1  arc  sec  will  be  revealed  as 
intensity  variations  in  the  reflected  beam  and  this 
diagnostic  technique  has  been  employed  to  upgrade  the 
quality  of  surface  finishing  of  X-ray  mirrors.  In  the 
other  technique,  used  with  focusing  optics,  the  X-ray 
image  is  explored  in  the  region  of  the  focus  where 
subsidiary  foci  may  often  be  observed.  The  focal 
lengths  of  these  subsidiary  foci  can  be  related  to  the 
magnitude  of  the  surface  ripples  which  act  as  miniature 
focusing  elements. 

The  selection  of  the  material  of  the  X-ray  optic 
has  a  bearing  on  the  metrology.  Some  measurements  must 
be  made,  for  example,  with  uncertainties  of  1  part  in 
10^  or  less.  Fewer  precautions  need  be  taken  with 
materials  of  low  thermal  expansion  such  as  the  optical 
glass  ceramics  (e.g.  Zerodur,  CerVit),  ULE  silica  and 
silica  having  expansion  coefficients  of  5  x  10~^  IC~’  , 

3  X  10“®  K~'  and  5  x  10~^  K" *  respect ively ) .  Materials 
with  higher  expansion  coefficients  such  as  optical 
glass,  steel  and  aluminium  alloy  (8x  10~^  K"^,  11  x 
ID'S  IC*  and  23  x  ICT®  IT'  respectively)  may  need  to  be 
kept  at  constant^  temperature  for  many  hours  prior  to 
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neasurenent ,  before  they  reach  thermal  equilibrium  at  a 
known  or  desired  temperature;  the  higher  the  thermal 
conductivity  the  more  rapid  is  the  attainment  of 
equilibrium.  Specific  heat  and  density  are  also 
important  factors  which  determine  thermal  behaviour 
under  conditions  of  slow  temperature  changes  or  thermal 
spikes,  and  for  a  metal,  beryllium  has  quite  favourable 
characteristics  (38),  although  ULE  silica  and  the  glass 
ceramics  are  better  still. 

The  measurement  of  thin-walled  aluminium  alloy 
shells  such  as  the  LCXT  mirror  also  requires  that  other 
special  precautions  be  taken.  The  mirrors  could  be 
distorted  by  many  micrometres  as  a  result  of  frictional 
forces  when  placing  the  mirror  on  surface  table,  and 
special  techniques  had  to  be  devised  to  lower  the 
mirror  without  inducing  any  sideways  forces.  Similar 
problems  were  encountered  with  the  silica  mirrors  of 
tne  Einstein  telescope  (30).  The  use  of  materials  with 
high  stiffness  to  weight  ratios,  such  as  beryllium,  is 
desirable  to  minimize  this  problem  and  to  minimize 
distortions  which  may  arise  in  assembling  the 
components  and  in  service. 

The  macro-  and  micro-stabilities  of  the  materials 
are  also  important.  A  year  or  more  may  elapse  between 
the  manufacture  of  a  telescope  and  its  launch  and  the 
telescope  may  be  in  service  for  many  years  thereafter. 
Whether  the  metrology  is  meaningful  in  terms  of 
performance  is  thus  very  dependent  on  the  stability  of 
the  material.  The  relative  merits  of  glasses  and  metals 
for  X-ray  optics  have  been  discussed  by  Lindsey  and 
Franks  (39),  and  although  the  siliceous  materials  are 
generally  preferable,  good  optical  components  can  be 
made  of  hot  isostatically  pressed  beryllium  or  the 
non-age  hardening  aluminium  alloy  such  as  5083,  which 
was  used  for  the  LCXT  mirrors. 

CONCLUSIONS 

No  single  method  of  measurement  has  adequate 
sensitivity  to  characterize  all  the  defects  met  with  in 
the  manufacture  of  X-ray  optical  components.  In 
general,  mechanical  probe  methods  have  the  advantage 
over  interferogram  methods  in  that  the  surface  does  not 
have  to  be  reflective,  the  sensitivity  and  spatial 
resolution  are  higher,  measurements  may  be  made  rapidly 
and  in  a  computer  compatible  form.  Probe  methods  are 
also  more  convenient  for  making  absolute  dimensional 
measurements  and  for  relating  the  mirror  surface  to 
fiducial  datum  faces.  On  the  other  hand,  Interferograms 
provide  an  overall  view  of  the  surface.  The  optical 
methods  become  increasingly  reliable  and  more  easily 
Interpretable,  the  closer  the  optic  approaches 
perfection. 
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X-Ray  Microscopy  Using  Grazing  Incidence  Reflection  Optics* 


Robert  H.  Price 

Lawrence  Livermore  National  Laboratory 
University  of  California,  Livermore,  California 


The  history  of  x-ray  optics  using  grazing 
incidence  reflection  now  dates  back  more  than  50 
years.  One  of  the  earliest  works  in  the  field  was 
that  of  Ehrenberg  and  Jentzsch  in  1929.'  Jentzsch 
was  probably  the  first  to  suggest  focusing  x-rays 
with  a  curved  mirror  by  means  of  total  external 
reflection.  He  discussed  many  of  the  problems  of 
grazing  incidence  reflection,  including  surface 
roughness  requirements  and  the  acute  astigmatism  of 
spherical  surfaces  at  grazing  incidence.  Jentzsch 
also  carried  out  experiments  with  grazing  incidence 
x-ray  optics.  To  avoid  the  astigmatism  problem  he 
used  an  axisynmetric  optic,  consisting  of  a  glass 
tube  with  an  internal  diameter  of  2.7  mm.  There  is, 
however,  no  record  of  the  successful  formation  of 
images  with  this  device.  In  later  years,  Ehrenberg 
went  on  to  study  grazing  incidence  reflection  from 
flat  and  from  bent  glass  surfaces. He  also 
noted  the  effects  of  surface  imperfections^  which 
resulted  in  broad  wings  on  the  line  focus  produced  by 
the  bent  glass  mirrors. 

It  was  not  until  1948  that  the  first  two 
dimensional  focused  x-ray  images  were  produced  by 
Kirkpatrick  and  Baez^  using  grazing  incidence 
reflection.  They  avoided  the  problem  of  astigmatism 
at  grazing  incidence  by  crossing  two  cylindrical 
mirrors,  each  of  which  is  focused  in  one  of  two 
orthoginal  planes  containing  the  optical  axis.  The 
effect  is  much  the  same  as  producing  a  2-D  image  by 
crossing  two  cylindrical  lenses. 

The  Kirkpatrick-Baez  x-ray  microscope  has  been  an 
extremely  successful  imaging  device,  and  is  still 
used  in  many  laboratories  around  the  world.  This 
success  is  largely  due  to  the  relative  ease  with 
which  the  required  x-ray  reflecting  surfaces  can  be 
fabricated  and  to  the  high  quality  of  the  images 
produced. 


Figure  1  Each  channel  of  a  four  channel 

Kirkpatrick-Baez  x-ray  microscope 
produces  a  focused  double  reflection 
image,  two  single  reflection  line  foci 
and  an  unfocused  spot  from  unreflected 
X  rays.  All  four  channels  together, 
produce  a  pattern  with  four  fold 
symmetry. 

The  cylindrical  mirrors  are  nearly  flat  (••1  M"’ 
saggital  depth)  and  can  be  easily  fabricated  using 
conventional  optical  techniques.  Shallow  spherical 

*  Work  performed  under  the  auspices  of  the  U.  S. 
Department  of  Energy  by  the  Lawrence  Livermore 
National  Laboratory  under  contract  number 
H-7405-ENG-48. 


mirrors  can  also  be  used  without  serious  degradation 
of  performance.  Optical  fabrication  technology  has 
advanced  to  the  point  that  a  nearly  perfect  surface 
can  be  produced  over  the  tiny  portion  of  the  mirror 
actually  used  in  image  formation.  Surface  finishes 
better  than  10  a  RMS  are  routinely  produced  on 
selected  materials  (fused  silica,  vitrious  carbon, 
electroless  nickel,  silicon  crystal,  etc.).  Absolute 
saggital  profiles  with  accuracies  on  the  order  of  100 
R/cm  are  frequently  produced. 


Figure  2  Kirkpatrick-Baez  x-ray  micrograph  of  a 
ball-in-plate  target  taken  during  the 
first  full  power  (26  TW)  target  shot  at 
the  Shiva  laser  facility. 

Many  of  the  Kirkpatrick-Baez  x-ray  microscopes 
now  in  use  are  diffraction  limited  in  the  x  ray 
portion  of  the  spectrum.  In  fact,  as  Prince^ 
noted,  a  Kirkpatrick-Baez  microscope  with  cylindrical 
mirrors  can  be  optimized  by  adjusting  the  mirror 
length  such  that  the  geometrical  aberrations  of  the 
mirror  system  are  balanced  by  diffraction.  This  type 
of  optimization  typically  produces  resolutions  on  the 
order  of  one  micron.  In  certain  instances, 
resolutions  of  one  half  micron  have  been  achieved.' 

McGee  has  shown®  that  by  using  surfaces  with  a 
cubic  term,  rather  than  purely  cylindrical  surfaces, 
geometrical  aberrations  can  be  reduced,  mirrors 
lengthened,  and  resolution  improved.  Though  useful 
for  specialized  applications,  notably  biological. 


x-ray  microscope. 


0094-243X/81/750189-11$1.50  Copyright  1981  American  Institute  of  Physics 


Figure  4  Wdlter  Axisymmetric  x-ray  microscope 
fabricated  from  Diamond  turned 
electroless  Nickel  on  a  steel  substrate. 


this  increased  resolution  results  in  decreased  field 
of  view.  For  this  reason,  as  well  as  increased  cost 
and  difficulty  of  fabrication,  "cubic"  surfaces  have 
not  been  useful  for  laser  fusion  applications. 


The  Kirkpatrick-Baez  x-ray  microscope  has  become 
one  of  the  work  horse  diagnostics  of  the  Laser  Fusion 
program  at  the  Lawrence  Livermore  National 
Laboratory  .9.  lO  microscopes  have  been 

fielded  and  have  provided  useful  information  on  the 
majority  of  shots  since  19?b.  They  have  been  used  on 
four  major  laser  systems:  Cyclops,  Janus,  Argus,  and 
Shiva,  are  also  planned  for  use  on  the  Nova  laser 
system,  where  they  will  be  coupled  with  CCD  arrays  to 
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figure  b  This  streaked  x-ray  image  of  a  laser 
irradiated  gold  disk  (self  emission  at 
270  eV)  shows  a  constant  velocity  for 
the  x-ray  emission  region  while  the 
laser  intensity  increases  and  decreases 
during  the  pulse.  The  FWHM  of  the 
x-ray  emission  region  is  only  15  pm 
during  most  of  the  pulse. 


Figure  5 


The  Shiva  x-ray  backlighting  system  uses  a  Wdlter  Axisymmetric  x-ray  microscope  coupled  to 
x-ray  streak  camera  and  an  optical  alignment  system. 
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Figure  7  A  17  pm  thick  Aluminum  slab  was 

accelerated  to  8  x  10®  cm/sec  by  a 
647  ps,  5.8  X  lO'^  W/cm^  laser 
pulse  and  was  observed  using  a  Tantalum 
backlighter  irradiated  for  ^8  ns  at 
3.9  X  lo'^  W/cm^.  Self  emission 
from  the  Aluminum  sample  slab  is 
visible  below  the  original  disk 
location. 

provide  data  immediately  following  each  shot.  Figure 
1  shows  the  x-ray  optical  configuration  of  one 
channel  of  the  four  channel  Kirkpatrick-Baez  x-ray 
microscope  configuration  commonly  used  at  ILNL. 


As  shown  in  figure  1,  the  90“  intersection 
produced  by  the  crossed  cylindrical  mirrors  lends 
itself  to  a  square  configuration.  This  forms  an 
image  from  the  x  rays  reflected  at  each  corner.  By 
choosing  the  grazing  angles,  reflecting  materials, 
and  filters  carefully,  an  x-ray  microscope  can  be 
made  which  produces  images  at  four  different  x-ray 
energies  along  nearly  the  same  line  of  sight.  A 
factor  of  four  or  more  can  be  spanned  in  x-ray 
energies  passed  by  the  various  channels.  This 
feature,  together  with  the  good  definition  of  the 
energy  channels  (E/AE  =  4  to  5),  makes  these 
instruments  extremely  useful  for  laser  fusion 
diagnostics.  Kirkpatrick-Baez  x-ray  microscopes  used 
to  date  in  laser  fusion  applications  have  object 
distances  of  25  to  40  cm  and  resolution  in  the  1  to 
3  pm  range.  Magnifications  have  ranged  from  3  to  8. 

One  of  the  major  advantages  of  the  Kirkpatrick- 
Baez  x-ray  microscope  is  that  it  produces  a  true 
focused  image  on  film  which  can  be  developed  and 
qualitatively  evaluated  in  less  than  half  an  hour 
after  a  target  shot.  This  capability  often  provides 
crucial  information  on  target  performance  needed  to 
properly  set  up  the  next  target  experiment.  The 
relatively  long  object  distances  are  dictated  by  the 
problem  of  blast  damage  during  target  irradiation: 
filters  can  be  ruptured  and  mirrors  damaged. 

However,  as  presently  used,  the  Kirkpatrick-Baez 
x-ray  microscopes  can  take  pictures  for  months  at  a 
time  without  attention,  except  for  changing  film. 

The  Kirkpatrick-Baez  x-ray  microscopes  have  been 
fielded  with  channels  ranging  from  200  eV  to  4.5 
keV.  Figure  2  is  an  x-ray  photo  of  a  ball-in-plate 
target  irradiated  at  26  TU  during  the  first  full 
power  target  shot  on  the  Shiva  laser  facility. 

While  Kirkpatrick-Baez  x-ray  microscopes  combine 
many  of  the  features  desired  of  a  diagnostic,  for 
some  applications  more  solid  angle  is  required  than 
can  be  provided  by  an  ordinary  Kirkpatrick-Baez  x-ray 
microscope.  (Kirkpatrick-Baez  x-ray  microscopes 
typically  have  10"®  to  10*^  steradian  acceptance 
angles  for  laser  fusion  applications.)  This  need  is 
now  being  filled  by  the  Wolter  axisynmetric  x-ray 
microscope. 


Horizontal  scale  length 

Figure  8  Vertical  and  horizontal  scale  lengths  associated  with  various  metrology  devices  and  fabrication 
technologies  are  shown  together  with  1  arc  second  and  0.1  arc  second  tolerances  required  for 
advanced  x-ray  optics.  The  region  with  horizontal  scale  lengths  between  100  pm  and  10  mm,  with 
vertical  scale  lengths  of  5  -  50  A,  is  particularly  difficult  for  optical  fabrication  work. 
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Best  fit  slope- 
circle 


Figure  9  Random  Device's  slop  scanner  operates  on  the  principle  of  the  optical  lever.  It  is  capable  of 

measuring  slope  errors  of  a  few  tenths  of  an  arc  second  and  displacements  of  10  -  20  A.  It  shows 
potential  for  improvement  in  sensitivity  by  an  additional  order  of  magnitude. 


waiter  developed  the  idea  of  using  axisymmetric 
mirrors  made  up  of  conic  sections  of  revolution  in 
1952.^'»^‘  His  work  was  stimulated  not  only  by 
Kirkpatrick  and  Baez,  but  also  by  Trurnit,'^  who  in 
1946  had  successfully  formed  images  using  a 
paraboloid  coated  with  a  Barium  Stearate  crystal, 
waiter  also  refers  to  Nahring's  1930  work^^  on 
grazing  incidence  reflectivity  and  Schwarzschild's 
1905  work  on  the  conditions  for  aplanatic  imaging 
systems.  Interestingly,  though  Walter  apparently  did 
not  know  about  the  work  of  Oentzsch,  he  came  to  the 
same  conclusion,  that  is,  to  use  an  axisymmetric 
grazing  incidence  reflector  to  avoid  astigmatism  in 
the  imaging  system.  He  also  came  to  similar 
conclusions  regarding  surface  roughness. 

Figure  3  shows  the  geometry  of  a  waiter  type  I 
x-ray  microscope.  In  this  microscope  a  hyperboloid 
and  an  ellipsoid  of  revolution  are  combined  such  that 
they  have  a  common  focus  (FIH  and  FIE).  An  object 
placed  at  the  second  focus  of  the  hyperboloid  (F2H) 
will  then  form  a  magnified  virtual  image  of  the 
object  at  the  common  focus  of  the  hyperboloid  and 
ellipsoid  (FIH  and  FIE).  The  virtual  image  will  then 
be  refocused  at  the  secondary  focus  of  the  ellipsoid 
(F2E),  forming  a  magnified  image  of  the  object.  In  a 
practical  welter  microscope  mirror,  the  ellipsoid  may 
have  a  minor  radius  of  1  or  2  cm,  while  the  major 
radius  may  be  several  meters  or  more.  Only  very 
small  segments  of  the  hyperboloid  and  ellipsoid  are 
used,  not  more  than  a  few  centimeters  in  length  along 
the  optical  axis. 

Figure  4  is  a  photo  of  a  recently  fabricated 
waiter  x-ray  microscope.  The  saggita  of  these  conic 
segments  differ  from  straight  cones  by  less  than  a 
micron.  The  requirements  on  the  surface  tolerances 


are  similar  to  the  tolerances  of  a  Kirkpatrick-Baez 
x-ray  microscope;  however,  the  area  over  which  these 
tolerances  must  be  met  is  lO's  of  square  centimeters, 
rather  than  a  few  square  millimeters.  Furthermore, 
these  tolerances  must  be  met  on  a  complex  internal 
aspheric  surface.  Deviations  in  saggital  profile 
must  be  under  100  A  and  the  RMS  surface  roughness 
must  be  under  10  a.  Axisymmetric  roundness  of  the 
mirror  must  be  maintained  to  better  than  0.5  pm. 


Figure  10  The  Clevite  Profilometer  is  an 

inductive  pickup  diamond  stylus  device 
which  is  linear  and  reproducible  to  70 
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Azmuthal  slope  errors  must  be  held  to  a  few 
arcseconds  while  longitudinal  slope  errors  must  be 
well  under  1  arcsecond. 


Figure  11 


0.6  1.0  1-B 
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Comparison  of  Clevlte  profllometer  and 
Random  Device's  slope  scanner 
measurements  of  a  UHlter  axisymmetric 
x-ray  microscope  mirror  surface  shows 
agreement  at  the  +  30  A  level  for 
surface  scale  lengths  greater  than  the 
50  pm  spot  size  of  the  slope  scanner. 


Whiter  realized  that  such  tolerances  might  be 
difficult  or  Impossible  to  meet  on  such  a  complex 
surface,  and  for  many  years  no  attempts  to  fabricate 
such  mirrors  were  reported.  Subsequently,  Interest 
In  x-ray  astronomy  stimulated  the  modification  and 
development  of  Whiter' s  design  for  astronomical 
purposes.  In  1975,  Palmerl  and  Seward^®  suggested 
that  a  Whiter  type  I  x-ray  microscope  might  be 
applicable  to  the  observation  of  high  density  laser 
fusion  target  Implosions.  Work  was  begun  on  a  9X  and 
a  22X  Whiter  type  I  x-ray  microscope  design  with 
fabrication  being  undertaken  at  LLNL  and  Random 
Devices,  Inc.”  Later,  a  contract  was  let  to  the 
National  Physical  Laboratory  In  England  through  the 
Atomic  Weapons  Research  Establishment,  beginning  a 
third  parallel  development  effort.  Los  Alamos  also 
began  development  work  on  a  small  Whiter  x-ray 
microscope  at  Random  Devices,  Inc.^®  At  the  time 
these  contracts  were  let,  the  technology  did  not 
exist  to  fabricate  the  desired  surface.  Initially, 
two  approaches  were  attempted: 

1.  Traditional  grinding  and  polishing  of 
electroless  nickel  on  separate  hyperboloidal 
and  ellipsoidal  aluminum  substrates,  and 

2.  diamond  turning  of  the  entire  mirror  in 
electroless  nickel  on  steel  substrates. 
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Figure  12  The  deviation  from  desired  surface 

profile  of  the  Whiter  mirror  recently 
finished  by  Random  Devices  compares 
favorably  with  the  surface  profile 
deviation  of  an  early  mirror  finished 
at  the  Lawrence  Livermore  National 
Laboratory. 

Later,  the  traditional  grinding  and  polishing 
approach  was  dropped.  Passive  feedback  was  developed 
for  the  numerically  controlled  diamond  turning 
machine  to  allow  It  to  attain  accuracies  of  1  to  2 


microinches  (250  to  5(X)  A).  This  Is  carried  out  by 
machining  the  mirror,  then  measuring  the  deviation  of 
the  mirror  from  the  Ideal  contour  and  feeding  the 
correction  back  into  the  diamond  turning  machine  for 
the  next  cut.  It  was  found  necessary  to  polish  the 
steel  substrate  to  a  1000  a  finish  In  the  region  of 
the  x-ray  reflecting  surface  before  electroless 
nickel  plating  and  diamond  turning.  This  avoids 
print  through  of  the  machining  marks  on  the  steel, 
onto  the  optical  surface  of  the  x-ray  mirror  during 
polishing.  The  diamond  turned  substrates  were  then 
turned  over  to  the  three  different  groups  (LLNL,  NPL, 
and  Random  Devices)  for  polishing. 


Figure  13 
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Circumferential  distance  (cm) 

The  deviation  of  the  new  Random  Devices 
fabricated  WBlter  mirror  from 
circularity  shows  some  periodic 
structure  remaining  from  diamond 
turning. 


Two  22X  magnification  WBlter  mirrors  of  an  early 
design  were  finished  at  LLNL  several  years  ago  and 
have  been  fielded  at  the  Shiva  laser  facility  during 
the  past  year  in  the  streaked  microscope  system  shown 
In  figure  5.  This  system  provides  a  spatial 
resolution  of  4  to  5  |Jm  over  a  field  of  view  of  up  to 
800  urn  and  a  temporal  resolution  of  15  ps.  The 
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Figure  14  The  longitudinal  slope  errors  on  the 
ellipsoid  and  hypertelold  of  the  older 
WBlter  mirror  are  random  In  nature  with 
standard  deviations  of  16  and  13.2  arc 
seconds  respectively. 
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spatial  resolution  Is  limited  by  tbe  100  pm 
resolution  of  the  streak  camera  and  the  22X 
magnification  of  the  x-ray  mirror.  The  2  pm 
resolution  of  the  waiter  x-ray  mirror  does  not 
contribute  significantly  to  the  overall  spatial 
resolution  of  the  system.  The  streaked  x-ray 
microscope  is  also  equipped  with  a  colllnear  optical 
alignment  system  which  allows  alignment  of  the  x-ray 
Imaging  device  onto  the  target  with  an  absolute 
accuracy  of  5  to  10  pm.  This  is  accomplished  through 
the  use  of  an  optical  lens  with  the  same  optical 
conjugates  as  the  Wb’lter  x-ray  mirror.  The  lens  and 
mirror  are  coaligned  so  the  focal  points  overlap.  A 
visible  Image  of  the  target  can  then  be  viewed 
through  a  visible  light  alignment  camera  coupled  to 
the  x-ray  streak  camera. 


Figure  15  The  longitudinal  slope  errors  of  the 
ellipsoid  of  the  Random  Devices  mirror 
are  primarily  random  1n  nature  with  a 
standard  deviation  of  0.82  arc  seconds. 

The  streaked  WBlter  x-ray  microscope  has  been 
used  to  observe  targets  both  In  self  emission  and  In 
transmission  together  with  a  laser  driven  x-ray 
backlighting  source.  This  allows  time  resolved 
radiography  of  the  dynamical  behavior  of  the  targets. 


hyperboloid  of  the  Random  Devices 
mirror  are  also  primarily  random  In 
nature  with  a  standard  deviation  of 
0.65  arc  seconds.  However,  some 
periodic  structure  Is  evident  from  the 
peak  at  1.2  arc  seconds. 


Figure  6  shows  the  time  resolved  x-ray  self 
emission  from  a  gold  disk  Irradiated  at  1  x  10^^ 
W/cnK  with  a  6.4  ns  laser  pulse.  This  Image  Is 
striking  because  the  emitting  plasma  moves  back 
toward  the  laser  from  the  disk  surface  at  nearly 
constant  velocity,  while  the  ’aser  Intensity 
Increases  and  decreases  during  the  pulse.  It  Is  also 
striking  because  the  emitting  region  has  a  FWHM  of 
only  15  pm.  By  the  peak  of  the  laser  pulse,  a  cold 
region  has  developed  between  the  emission  region  and 
the  disk  which  Is  quite  dark  when  viewed  In  the  270 
eV  photons  with  which  this  Image  was  recorded. 


Figure  17  The  azmuthal  slope  error  distribution 
of  the  Random  Devices  mirror  shows 
considerable  contribution  from  periodic 
surface  structures  with  peaks  In  the 
distribution  at  0.75  and  1.7  arc 
seconds.  To  analytically  model  the 
distribution  a  gausslan  with  a  standard 
deviation  of  2.8  arc  seconds  was  used. 

Figure  7  shows  a  backlit  Image  of  an  aluminum 
slab  which  was  accelerated  by  ablation  resulting  from 
direct  laser  Irradiation.  It  attained  a  velocity  of 
8  x  10^  cm/sec.  The  back  lighter  In  this  case  was  a 
Tantalum  slab  mounted  at  45*,  1  mm  away  from  the 
aluminum  slab  on  the  x-ray  microscope  line  of  sight. 
The  Tantalum  slab  was  Irradiated  with  10  of  Shiva's 
beams  temporally  stacked  to  produce  a  3  ns  pulse. 

Both  the  self  emission  from  the  600  ps  laser  drive 
pulse  striking  the  aluminum  sample  and  the  3  ns 
emission  from  the  Tantalum  backllghter  are  visible  In 
the  streaked  image.  The  shadow  of  the  moving  slab  Is 
also  visible  sloping  up  to  the  left  in  the  Image. 

The  Wb'lter  x-ray  microscope  now  In  use  has 
adequate  resolution  but  has  substantial  large  angle 
scattering.  Only  about  five  percent  of  the  energy 
Incident  on  the  x-ray  microscope  Is  contained  In  the 
central  50  pm  (diameter)  of  the  point  spread 
function.  To  Improve  the  throughput  of  the  new 
Wb’lter  mirror,  the  surface  had  to  be  substantially 
Improved  over  the  250  A  peak  to  valley  surface  of  the 
old  mirror.  This  in  turn  required  an  Improved 
understanding  of  the  relation  between  fabrication 
techniques,  metrology,  surface  profile,  and  the  point 
spread  function  of  the  waiter  mirror. 

Figure  8  shows  the  various  vertical  and 
horizontal  scale  sizes  associated  with  the  various 
fabrication,  metrology,  and  physics  processes  related 
to  x-ray  mirror  production  and  function.  To  produce 
a  mirror  one  must  first  measure  the  deviation  from 
the  desired  contour.  Then,  one  must  be  able  to 
control  the  machining  and  lapping  processes  to  the 
accuracy  required  to  produce  the  desired  surface. 

This  requires  at  least  the  accuracy  In  each  of  these 
steps  which  one  wishes  to  ultimately  obtain.  A 
perfect  x-ray  surface  would  be  one  which  had  an 
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Piqure  18  A  waiter  mirror,  perfect  except  for  longitudinal  ripples  on  one  surface,  will  produce  fans  of 

radiation  in  planes  including  the  optical  axis.  Ihe  fans  of  radiation  cross  on  the  optical  axis 
producing  a  cylindrical  (Vr)  singularity. 


accuracy  of  3  -  10  R  over  the  entire  surface.  This 
is  clearly  unattainable  at  present.  A  more  realistic 
goal  is  a  surface  with  3  -  10  A  accuracy  at 
horizontal  scale  lengths  less  than  0.5  mm,  and  a 
maximum  slope  error  of  0.5  arcseconds  for  horizontal 
scale  lengths  of  0.5  mm  or  longer. 

As  one  can  see  from  figure  8,  a  number  of 
problems  must  be  faced  in  obtaining  a  surface  with 
these  specifications.  Aspheric  Diamond  Turning, 
which  is  usually  thought  of  as  being  a  very  accurate 
process,  does  not  even  come  close  to  obtaining  these 
tolerances.  Thus,  lapping  must  be  used  to  improve 
the  diamond  turned  surface.  At  short  horizontal 
scale  lengths,  lapping  and  super-polishing  appear  to 
be  able  to  meet  these  surface  tolerances.  At 
horizontal  scale  lengths  longer  than  1  mm,  operator 
manipulation  of  the  lap  with  rapid  feedback  from 
metrology,  should  be  able  to  meet  the  surface 
specifications  providing  the  required  surface 
metrology  is  available.  However,  in  the  region 
between  0.1  and  3  mm,  the  physics  of  the  lapping 
process  still  seems  to  present  some  uncertainties. 
This  appears  to  be  one  of  the  more  crutial  horizontal 
scale  length  reqions  in  the  fabrication  of  grazing 
incidence  x-ray  reflecting  surfaces. 

As  may  be  seen  from  figure  8,  H  is  also  quite 
difficult  to  obtain  the  required  metrological 
accuracy  to  fabricate  these  surfaces.  A  few 
instruments,  such  as  the  Hetrodyne  Interferometer, 
the  Talysurf,  and  the  Nanosurf  are  capable  of 
measuring  to  accuracies  of  10  a  or  better  over  scale 
lengths  less  than  1  nm.  The  Random  Devices  Slope 
Scanner  can  measure  to  an  accuracy  of  20  to  30  A  over 
scale  lengths  less  than  1  mm  and  60  a  over  scale 
lengths  less  than  1  cm.  The  Random  Devices  slope 
scanner  presently  suffers  from  a  number  of  technical 
difficulties,  which  appear  to  be  correctable,  and  may 


improve  its  resolution  by  as  much  as  an  order  of 
magnitude,  as  well  as  greatly  improving  its 
stability.  The  Taly-Round  appears  to  be  able  to  make 
reproducible  roundness  measurements  down  to  25  R  for 
scale  lengths  longer  than  0.5  mm.  The  Clevite 
Profilometer  can  make  measurements  between  70  R  and 
250  R  accuracy  over  a  range  of  horizontal  scale 
lengths  of  2.5  pm  up  to  several  inches.  Another 
machine  which  shows  a  great  deal  of  promise  is  the 
Stedman  measuring  machine  at  the  National  Physical 
Laboratory  in  England,  which  presently  can  measure  to 
an  accuracy  of  160  R  down  to  horizontal  scale  lengths 
less  than  50  pm.  In  the  future,  this  machine  may  be 
improved  to  yield  accuracies  as  good  as  16  R. 

Although  a  number  of  machines  can  make 
measurements  of  the  vertical  scale  lengths  required, 
only  a  few,  and  at  the  limits  of  their  resolution, 
can  reach  the  0.5  arcsecond  or  better  requirement  in 
the  range  from  0.5  to  10  mm  horizontal  scale  length. 
One  of  these  devices  is  the  Random  Devices  Slope 
Scanner,  shown  in  figure  9.  This  machine  operates  on 
the  principle  of  the  optical  lever.  A  carefully 
prepared  beam  of  light  is  focused  to  a  50  |ri  diameter 
spot  on  the  optical  surface  to  be  measured.  The 
deflection  of  the  reflected  beam  is  then  twice  the 
angular  deviation  of  the  surface.  The  mirror  to  be 
measured  is  mounted  on  a  structure  supported  by  air 
bearings.  This  allows  the  mirror  to  be  moved  in  an 
arc  very  nearly  matching  the  required  curvature  of 
the  optical  surface.  The  optical  surface  to  be 
measured  can  also  be  rotated  on  an  air  bearing  to 
make  azmuthal  scans  of  the  surface.  The  deviation  of 
the  beam  reflected  from  the  surface  is  measured 
differentially  by  a  set  of  PIN  Diode  Detectors.  The 
difference  of  the  two  signals  is  divided  by  the  sum 
to  null  out  any  fluctuations  in  the  laser  intensity, 
then  integrated  and  recorded. 
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Figure  19  A  Wtflter  mirror,  perfect  except  for  azmuthal  ripples  on  one  surface,  will  produce  conical  fans  of 
radiation  intersecting  on  the  optical  axis.  This  also  results  in  a  cylindrical  (1/r)  singularity. 


A  typical  scan  of  the  surface  of  one  of  the 
Wtriter  mirrors  takes  about  20  seconds.  It  may  be 
repeated  quickly  and  easily  to  determine  the 
stability  and  reproducibility  of  the  system.  (>ie 
benefit  of  measuring  the  slope  of  the  surface  and 
integrating  to  obtain  the  profile,  is  that  the  system 
is  insensitive  to  mechanical  vibration.  The  optical 
scanner  head  itself  is  easily  removable  and  polishing 
is  carried  out  on  the  mechanical  portion  of  the 
scanner  by  simply  installing  a  small  lapping 
mechanism.  This  is  done  without  ever  removing  the 
mirror  from  the  mechanical  portion  of  the  scanner. 
This  whole  process  can  be  repeated  as  often  as  every 
half  hour,  if  need  be. 

Figure  10  shows  the  Clevitc  Prof ilometer,  which 
measures  the  surface  with  a  diamond  stylus,  using  an 
inductive  pick  up.  The  Clevite  Profilometer  has  been 
calibrated  in  the  Metrology  Lab  at  LLNL,  and  appears 
to  be  accurate  and  reproducible  to  70  a. 

Figure  11  shows  a  comparison  of  traces  made  on 
the  same  WWIter  mirror  surface  with  the  Clevite 
Profilometer  and  the  Random  Devices  Slope  Scanner. 
They  appear  to  agree  to  70  A,  when  averaged  over  a 
so  |jm  horizontal  scale  length. 

Figure  12  compares  the  longitudinal  surface 
profile  of  the  older  Whiter  mirror,  with  the  surface 
profile  of  the  new  Whiter  mirror,  fabricated  at 
Random  Devices.  The  new  mirror  has  a  30  a  RMS 
deviation  from  the  ideal  surface  profile.  The 
deviation  from  circularity  of  the  hyperboloid  of  the 
new  Whiter  mirror  is  illustrated  in  figure  13. 

Traces  from  the  Random  Devices  Slope  Scanner  were 
digitized  and  reduced  to  slope  error  distributions. 
The  older  mirror  had  longitudinal  slope  distributions 
with  standard  deviations  of  16  arc  seconds  for  the 
ellipsoid  and  13  arc  seconds  for  the  hyperboloid,  as 
may  be  seen  from  figure  14. 


Figures  15  and  16  show  the  longitudinal  slope 
error  distributions  from  the  new  Random  Devices 
Whiter  mirror.  These  have  standard  deviations  of 
0.82  and  0.65  arc  seconds  respectively. 

Figure  17  is  the  azmuthal  slope  error 
distribution  for  the  new  mirror  and  has  a  standard 
deviation  of  2.8  arc  seconds.  The  measured 
distribution  is,  however,  not  completely  random,  and 
has  correlation  peaks  at  0.75  and  1.7  arc  seconds. 
The  peak  at  1.7  arc  seconds  corresponds  to  the 
ripples  in  figure  13,  which  have  an  approximate 
period  of  4-5  ram. 


Figure  20  The  combined  disr lacement,  r,  of  a  ray 
due  to  a  displacement,  x,  caused  by  a 
longitudinal  slope  error,  and  a 
displacement,  y,  caused  by  an  azmuthal 
slope  error  can  be  determined  using  the 
above  geometry. 


Full  aperture 
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Figure  21  Comparisons  of  measured  and  theoretical  point  spread  functions  of  the  older  MBlter  Axisymnetric 
x-ray  microscope  show  good  agreement  for  both  full  and  partial  aperture  operation. 


One  would  like  to  be  able  to  assemble  this 
information  into  a  theory  which  would  predict  the 
point  spread  function  of  the  x-ray  microscope.  Such 
a  theory  can  be  developed  from  simple  geometrical  and 
statistical  calculations.  Figure  18  shows  that  a 
Wolter  microscope  which  is  perfect,  except  for 
longitudinal  slope  perturbations,  will  produce  fans 
of  radiation  contained  in  planes,  including  the 
optical  axis.  These  planes  intersect  on  the  optical 
axis  and  produce  a  cylindrical  singularity,  which  is 
infinite  on  the  axis. 

On  the  other  hand,  if,  as  shown  in  figure  19,  the 
mirror  was  perfect  except  for  azmuthal  slope 
perturbations,  conical  fans  of  radiation,  which 
intersect  on  the  optical  axis,  would  be  produced. 

This  would  again  result  in  a  cylindrical  singularity, 
which  would  be  Infinite  on  the  axis.  However,  when 
these  types  of  perturbations  are  combined,  the 
degenerate  symmetry  which  allows  the  cylindrical 
singularities  to  be  produced,  is  broken.  This  broken 
symmetry  results  in  a  finite  value  for  the 
distribution  on  the  optical  axis. 


— H  iM  — H  I—  «»■ 


Figure  22  The  resolution  of  the  Htfiter  x-ray 
mirror  is  measured  with  a  20  by  20 
array  of  2  pm  diameter  pinholes,  spaced 
50  pm  apart. 


Using  the  geometry  shown  in  figure  20,  a  simple 
statistical  calculation  can  be  used  to  determine  the 
probability,  P(r),  of  a  given  ray  falling  a  distance 
r  from  the  optical  axis. 

/P(r)rdr  =/P(x)P{y|x)dxdy  (1) 

P(x)  is  related  to  the  longitudinal  slope  error 
distribution.  P{y|x)  is  the  probability  of  finding  a 
ray  at  y,  conditional  on  it  having  the  coordinate  x. 

We  now  define  a  few  auxiliary  formulae: 


y  •  (d^(tan0g)-x)tan^  (2) 


X  =  d^tano^ 

(3) 

Of  =  2/0^  +O2 

(Longitudinal) 

(4) 

a.f  =  2/a^  +0^ 

(Azmuthal) 

(5) 

®  Vo^a^eg  • 

(6) 

Where  dp  is  the  object  distance,  0g  is  the  grazing 
angle,  ’s  total  azmuthal  deflection  of  the 
ray,  and  Oj  is  the  total  longitudinal  deflection  of 
the  ray.  07  is  the  standard  deviation  of  the 
longitudinal  total  deflection  distribution,  or  is 
the  standard  deviation  of  the  azumuthal  total 
deflection  distribution.  Oi  and  03  are  the 
standard  deviations  of  the  hyperboloid  and  ellipsoid 
longitudinal  slope  error  distributions,  respectively. 
a-|  and  03  are  the  standard  deviations  of  the 
hyperboloid  and  ellipsoid  azmuthal  slope  error 
distributions,  respectively,  a  is  a  dimensionless 
variable.  Using  these  formulae,  it  can  be  shown  that: 
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Figure  23  A  comparison  of  images  of  the  pinhole  array  taken  with  the  old  and  new  UHlter  mirrors  shows  the 
new  mirror  produces  smaller  images  with  less  scattering  than  the  older  mirror,  but  that  the  wings 
of  the  point  spread  function  are  less  symmetrical  for  the  new  mirror. 


Using  formulae  7  and  8,  the  FWHM  can  be  shown  to  be: 
FWHM  =  7.5  OidotanOg,  where  we  have  assumed 
that  ai  and  02  are  approximately  egual.  The  Half 
Power  Circle  Diameter  can  be  shown  to  be:  di/2” 

2.7  oido,  where  again  we  have  assumed  that  Oi 
is  approximately  egual  to  02-  Thus  we  find  that 
the  FWHM  is  related  only  to  the  azmuthal  slope 
distribution,  while  the  Half  Power  Circle  Diameter  is 
related  only  to  the  longitudinal  slope  error 
distribution. 


Figure  24  He  are  currently  building  a 

Kirkpatrick-Baez  x-ray  microscope  with 
multilayer  (Barbee)  x-ray  mirrors. 

At  present,  this  theory  is  limited  in  that  it 
relies  only  on  geometrical  optics.  However,  it  can 
be  shown  that  for  the  azmuthal  perturbations,  the 
conditions  for  geometrical  optics  are  well 
satisfied.  For  the  longitudinal  perturbations,  on 
the  other  hand,  geometrical  optics  is  only  valid  for 
long  scale  length  perturbations  and  diffraction 
optics,  such  as  described  by  Bennett'^*^®  and  by 
Church, must  be  used  for  shorter  scale 


length  perturbations.  Both  regimes  occur  in  x-ray 
optics,  and  both  effects  must  be  included  for  a 
completely  correct  calculation.  In  the  range  where 
both  effects  are  comparable,  the  results  can  be 
approximated  by  either.  This  change  in  the 
distribution  of  x-rays,  caused  by  the  longitudinal 
perturbations,  will  change  the  details  of  the  wings 
of  the  point  spread  function.  However,  the  central 
portion  will  be  largely  unaffected. 

Figure  21  shows  the  measured  and  theoretical 
point  spread  functions  for  both  full  and  partial 
aperture  for  the  older  waiter  microscope,  whose 
distribution  functions  were  given  in  figure  14.  The 
agreement  in  these  cases  appears  to  be  excellent. 

The  point  spread  function  was  measured  with  an  array 
of  2  pm  diameter  pinholes. 

An  electron  micrograph  of  the  array  of  two  micron 
diameter  pinholes  is  shown  in  figure  22.  This 
pinhole  array  was  backlit  by  a  tungsten  anode  x-ray 
source  for  the  point  spread  function  measurements. 

Figure  23  shows  images  of  the  pinhole  array  taken 
with  both  the  old  and  the  new  mirror.  Two 
interesting  points  will  be  noted  here.  The  much 
greater  scattering  of  the  older  mirror  is  obvious  as 
a  fuzzy  background  in  the  photograph  taken  with  it. 
The  new  mirror  shows  much  less  scattering,  but  the 
image  points  are  much  less  symmetrical.  The  greater 
syimetry  of  the  image  points  of  the  old  mirror  are 
the  result  of  statistical  averaging.  On  the  other 
hand,  in  the  new  mirror,  the  coherent  defects,  in 
particular,  the  azmuthal  defects,  have  become 
comparable  to  the  random  defects,  leading  to  the 
unsymmetrical  image  points. 

I  believe  that  this  type  of  theory  is 
particularly  successful  in  calculating  the  central 
shape  of  the  point  spread  function.  With  the 
inclusion  of  diffraction  effects,  it  may  be  able  to 
provide  a  good  fit  to  the  entire  point  spread 
function. 


()  =  2 


d  =  35.6  A 


_  X-ray  enerm  (keV) 

Fiaure  ?5  The  use  of  muTtnayer  x-ray  mirrors 

produces  good  x-ray  reflectivity  with 
narrow  bandpass  at  high  energies  and 
moderate  grazing  angles. 


In  summary,  I  see  the  Kirkpatrick-Baez 
microscopes  maintaining  their  role  as  the  workhorse 
of  the  x-ray  imaging  devices.  This  role  is  being 
extended  with  the  development  of  a  22X  magnification 
Kirkpatrick -Baez  x-ray  microscope  with  multilayer 
x-ray  mirrors‘^  as  shown  in  figure  24,  which  can  be 
installed  in  the  x-ray  backlighting  system.  As 
indicated  in  figure  25,^5  these  mirrors  can  operate 
at  large  angles,  high  x-ray  energies,  and  have  a 
narrow,  well  defined  x-ray  energy  bandpass.  This 
will  make  them  useful  for  numerous  experiments. 
However,  where  a  large  solid  angle  is  needed,  the 
USlter  microscope  will  still  be  necessary  and  the 
technology  needed  to  build  them  will  be  useful  for 
many  other  types  of  x-ray  optics. 
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ABSTRACT 

In  slightly  less  than  twenty  years,  from  its  birth  in  1962,  X-ray  astronomy  has  developed 
into  a  major  branch  of  astronomy,  equalling  in  importance  the  more  established  disciplines  for 
the  study  of  astrophysical  problems.  This  has  resulted  from  two  major  technolo., ical  advances: 
1)  the  capability  of  placing  into  space,  above  the  Earth's  attenuating  atmosphere,  large  and 
sophisticated  scientific  payloads,  and  2)  the  development  of  high  resolution  X-ray  imaging 
optics  and  associated  detectors.  This  paper  illustrates  the  rapid  development  of  x-ray 
imaging  optics  and  discusses  their  application  to  astrophysical  observations,  both  solar  and 
non-solar.  In  conjunction  with  various  spectroscopic  techniques,  X-ray  telescopes  are  being 
used  for  astrophysical  plasma  diagnostics,  obtaining  elemental  abundances,  temperatures,  and 
densities.  Several  examples  are  given.  Further  advances  in  X-ray  imaging  optics  will  require 
the  development  of  new  metrology  techniques  in  order  to  determine  and  control  mirror  figure 
and  scattering.  Future  programs  are  discussed. 


I.  INTRODUCTION 

In  slightly  less  than  twenty  years,  fr<Mn  its  birth 
in  1962,  non-solar  X-ray  astronomy  has  developed  into  a 
major  branch  of  astronomy,  equalling  in  importance  the 
more  established  disciplines  for  the  study  of  astro- 
physical  phenomena.  This  rapid  development  has 
resulted  from  two  major  technological  advances:  1)  the 
capability  of  placing  into  space,  above  the  Earth's 
attenuating  atmosphere,  large  and  sophisticated 
scientific  payloads,  and  2)  the  development  of  high 
resolution  X-ray  imaging  optics  and  associated  imaging 
detectors  (Figures  1  and  2) . 


Figure  1  -  Artist's  conception  of  the  HEAO-2  (Einstein 
Observatory) ,  the  first  high  resolution  telescope  for 
non-solar  X-ray  astronomy. 
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Figure  2  -  Present  range  of  X-ray  observations. 
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For  the  purposes  of  this  paper.  X-ray  astronomy 
will  refer  to  observations  of  cosmic  (galactic  and 
extraqalactic)  sources  apart  from  the  Sun.  This  is  not 
an  attempt  to  diminish  the  importance  of  solar  X-ray 
astronomy.  On  the  contrary,  as  will  be  shown  below, 
this  field  has  played  a  key  role,  both  technologically 
and  in  some  cases  theoretically,  in  the  rapid  rise  to 
maturity  of  X-ray  astronomy. 

Also,  in  this  paper  high  resolution  imaging  will 
refer  to  the  imaging  of  X-ray  sources  with  an  angular 
resolution  of  a  few  arcseconds  or  less.  The  photon 
energy  range  considered  is  that  of  present  and  planned 
high  resolution  X-ray  telescopes  and  is  between  0.1  and 
10  keVj  the  lower  limit  often  being  set  arbitrarily  or 
by  the  low  transmission  of  detector  windows  and  the 
upper  limit  set  by  the  physics  of  grazing  incidence 
reflection. 

II.  THE  IMPORTANCE  OF  IMAGING 

Optical  astronomy,  from  its  very  beginning,  was  an 
imaging  science  due  to  the  capabilities  of  the  human 
eye,  viz,,  3  arcroinute  spatial  resolution  and  sensitiv¬ 
ity  to  6th  magnitude  stars  (visual  flux  densities  of 
1  X  10”^  erg  cm*^  Thus,  naked  eye  observations 

alone  yielded  thousands  of  celestial  objects  and  led 
to  a  fairly  sophisticated  view  of  the  nature  of  the 
universe.  From  the  introduction  of  the  optical 
telescope  by  Galileo  in  1610  to  the  future  launch  of 
the  Space  Telescope  (ST)  in  1985  there  has  been  a 
steady  progression  in  the  improvement  of  optical  obser¬ 
vations.  The  ST  will  have  an  angular  resolution  of  0.1 
arcsecond  and  a  limiting  sensitivity  to  point  objects 
of  27th  magnitude.  (This  is  the  magnitude  that  the  Sun 
would  have  at  a  distance  of  10®  light  years.) 

X-ray  astronomy  developed  in  a  different  way  (1-3) . 
The  first  observation  of  a  celestial  X-ray  source 
occurred  in  1962  (4) .  The  detector  was  an  uncollimated 
Geiger  counter  on-board  a  sounding  rocket?  the  angular 
resolution  of  the  detector  was  about  lOO®!  For  the 
next  16  years,  until  the  launch  of  the  Einstein 
Observatory,  X-ray  astronomy  made  considerable  progress 
without  the  use  of  imaging  optics.  A  progression  of 
rocket  and  satellite  experiments  employing  large 
mechanically  collimated  X-ray  detectors  led  to  the 
discovery  of  over  a  thousand  X-ray  sources  and  to  the 
determination  of  the  nature  of  many  of  th^.  This  is 
in  contrast  to  the  rapid  introduction  of  imaging  optics 
in  solar  X-ray  astronomy. 

The  scientific  usefulness  of  imaging  optics  for 
X-ray  astronomy  was  recognized  in  the  1960'8  (5,6); 
proposals  for  large  satellite-borne  telescopes  were 
sulanitted  to  NASA  as  early  as  1963,  but  without 
acceptance.  It  was  not  until  1978  that  the  first  and 
only  telescope  for  X-ray  astronomy  was  placed  in  orbit. 
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This  clrcunstance  was  probably  due  to  the  early 
successes  in  the  field  with  collination  techniques  and 
a  desire  by  many  members  of  the  scientific  ccssnunity 
to  continue  in  this  way  in  order  to  perform  all-sky 
surveys.  Also,  some  technical  problems  had  to  be 
solved;  the  polishing  of  mirror  surface^'  ;ad  to  be 
substantially  improved  in  order  to  reduce  scatter  and 
high  resolution  two-dimensional  imaging  x-ray  detectors 
had  to  be  developed.  However,  these  problems  could 
have  been  solved  early-on  given  adequate  support  for 
laboratory  development  programs. 

The  advantages  of  imaging  in  X-ray  astronomy  are 
clear,  especially  when  one  considers  the  limitations 
of  mechanically  collimated  detectors.  The  resolution 
of  these  devices  are  seldom  better  than  several  arc- 
minutes,  which  makes  source  identification  difficult 
or  at  times  impossible,  and  as  fainter  sources  are 
detected  by  using  larger  detectors  source  contusion 
arises.  The  necessarily  large  detector  areas  employed 
also  lead  to  high  internal  noise  and  high  diffuse  X-ray 
background  rates.  The  detection  of  faint  sources  thus 
requires  long  observation  times.  In  contrast,  imaging 
leads  to; 

1)  a  high  signal-to-noise  ratio  because  of  the  reduction 
in  the  linear  and  angular  dimensions  of  a  detection 
cell; 

2)  ease  of  source  identification  by  reducing  the  number 
of  possible  optical  counterparts; 

3)  the  elimination  or  reduction  of  source  confusion; 

4)  the  determination  of  the  structure  of  extended 
objects; 

5)  the  simultaneous  observation  of  many  sources  in  the 
field  of  view. 

Imaging  optics  can  also  be  used  to  feed 
spectrometers  and  polarlmeters ,  thereby  increasing  the 
slgnal-to-noise  ratio  for  these  instruments.  Experience 
with  two  recent  X-ray  observatories  illustrates  these 
points.  The  Large  Area  Sky  Survey  instrument  on  the 
first  High  Energy  Astronomy  Observatory  (HEAO-1)  (7) 
consisted  of  several  thousand  squeure  centimeters  of 
collimated  gas  proportional  counters.  This  is  the 
largest  array  of  proportional  counters  launched  so  far 
(1977-1979).  This  instrument's  ability  to  locate  the 
position  of  faint  sources  was  no  better  than  about  one- 
half  degree,  making  source  identification,  in  most 
cases,  impossible.  The  second  High  Energy  Astronomy 
Observatory  {HEAO-2) ,  called  the  Einstein  Observatory 
(8),  employe"  the  first  high  resolution  telescope  for 
X-ray  astronomy.  Although  the  collecting  area  was  only 
a  few  hundred  square  centimeters,  the  telescope's 
limiting  sensitivity  was  a  few  hundred  times  greater 
them  that  of  HEAO-1,  and  it  was  capable  of  determining 
source  locations  to  a  couple  of  arcseconds. 

Figure  3  illustrates  the  difficulties  of  source 
identification  when  source  positions  are  inaccurately 
known.  The  identification  of  optical  and/or  radio 
counterparts  of  X-ray  sources  is  extremely  important 
to  further  our  understanding  of  these  objects.  This 
figure  is  a  visible  light  photograph  of  the  star  field 
surrounding  Scorplus  X-1,  the  brightest  and  first 
cosmic  X-ray  source  discovered.  Sco  X-1  was  first 
located  to  be  somewhere  in  a  region  about  4  times  larger 
than  the  upper  photograph.  Then,  two  years  later,  in 
1964,  it  was  placed  in  the  yellow  circle;  the  next  year 
it  was  thought  to  be  in  one  of  the  two  blue  rectangles; 
then  in  the  orange  box.  Finally,  in  1966,  by  employing 
a  modulation  collimator  with  a  resolution  of  about  one 
arcminute,  the  source  was  placed  in  one  of  the  two  pink 
rectangles,  one-half  degree  away  from  the  previous 
location.  Then,  within  a  matter  of  weeks,  it  was 
identified  as  the  13th  magnitude  object  in  the  right 
hand  comer  of  the  upper  pink  rectangle.  In  contrast, 
telescopic  observations  of  the  faintest  X-ray  sources 
will  immediately  yield  the  position  to  an  accuracy  of 
a  few  arcseconds  leading  to  the  unambiguous  identifi¬ 
cation  of  an  optical  or  radio  counterpart,  or  the 
absence  of  one. 

M31,  or  Andromeda,  is  a  nearby  spiral  galaxy  (two 
million  light  years  away)  and  prior  to  the  Einstein 


Figure  3  -  the  optical  identification  of  Scorpius  X-1, 
the  first  celestial  X-ray  source  detected.  The  upper 
photograph  is  the  visible  star  field  containing 
Sco  X-1.  The  first  detection  in  1962  placed  Sco  X-1 
somewhere  in  a  field  4X  larger.  Two  years  later  the 
source  was  restricted  to  the  circle;  a  year  later  it 
was  thought  to  be  in  one  of  the  two  large  rectangles; 
in  1966  it  was  placed  in  the  square.  Later  in  1966, 
using  a  new  detection  technique,  it  was  placed  in 
either  of  two  tiny  rectangles  1/2°  from  the  square. 
Finally,  a  few  weeks  later,  it  was ‘identified  as  '.he 
13th  magnitude  star  in  the  upper  right  liand  comer  of 
the  upper  rectangle  (the  lower  photograph  is  an  8.5X 
enlargement).  (Courtesy  of  J.  McClintock,  MIT). 


Observatory  had  l>een  observed  as  a  single  source  of 
X-rays  (Figure  4) .  Figure  5  shows  the  galaxy  as 
observed  with  the  Einstein  Observatory's  imaging 
proportional  counter  at  the  focal  plane  of  the  tele¬ 
scope.  This  detector  has  a  resolution  of  about  1  arc- 
minute.  Approximately  30  sources  in  addition  to  a  large 
confused  region  near  the  center  can  be  identified.  This 
latter  region  is  resolved  into  about  45  individual 
sources  (Figure  6)  when  observed  with  the  Observatory's 
high  resolution  imager.  These  three  figures  alone 
dramatically  illustrate  the  qualitative  leap  that  has 
been  made  by  introducing  imaging  to  the  field  of  X-ray 
astronomy. 

A  further  example  of  the  importance  of  imaging  is 
illustrated  in  Figure  7.  The  Alpha  Centauri  visual 
binary  system  is  near  enough  (4.4  light  years)  to 
permit  detection  of  solar-level  X-ray  emission  by  tl;e 
Einstein  Observatory  in  just  a  few  seconds  and  t)ie 
resolution  of  the  telescope  is  sufficient  to  provide 
distinct  images  of  the  two  stars.  Alpha  Ontauri  A 
(G2V  star)  and  Alpha  Centauri  B  (KIV  star) .  Tlie  upper 
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Figure  4  -  A  visible  light  photograph  of  the  Andromeda 
qalaxy  (M31).  The  Uhuru  satellite  X-ray  source 
location  error  box  is  shown. 


image  was  made  with  the  Observatory's  imaging  propor¬ 
tional  counter.  Alpha  Centauri  had  been  previously 
detected  (9)  with  the  HEAO-1,  but  was  unresolved.  It 
was  assumed  at  the  time  that  the  solar-liko  Cen  A  was 
resj.^onsible  for  the  X-ray  emission/  since  current  theory 
predicted  very  low  emission  for  Cen  B.  The  lower  image 
taken  with  the  high  resolution  imager  shows  the  two 
stars  clearly  resolved.  Contrary  to  expectations,  the 
K-star  Cen  B  is  brighter  than  the  G-star  Cen  A.  This 
observation/  along  with  similar  observations  of  stars 
of  all  spectral  types,  are  causing  a  revision  of  our 
understanding  of  stellar  coronae.  When  one  realizes 
that  a  large  fraction  of  the  stars  in  our  Galaxy  are  in 
binary  systems  (about  30%  with  separations  less  than 
iU  arcseconds),  one  again  can  appreciate  the  value  of 
imaqinq. 

III.  A  SUWiARY  OF  THE  PRINCIPLES  OK 
HIGH  RESOLUTION  IMAGING  OF  X-RAYS 

The  highest  resolution  imaging  instruments  used  in 
X-ray  astronomy  consist  of  grazing  incidence  reflection 
optics.  Pinhole  cameras  and  Fresnel  zone  plates  have 
been  pro['Osed  for  X-ray  astronomy  and  have  been  used  to 
image  the  Sun.  At  the  present  time,  however,  these 
tochnigues  are  of  limited  use  because  of  small  collect¬ 
ing  areas  and  moderate  ’resolution  capabilities. 

In  1922  Compton  (101  demonstrated  and  investigated 
the  "total"  reflection  o'  X-ray-  iricid'-nt  on  polisliod 
surfaces  at  grazing  angles,  i.c.,  high  angles  of 
Lncidencc  (Figure  8).  At  X-ro/  enerqie?!  the  real  part 
of  a  material's  complex  index  of  refraction  is  less 
than  unity.  X-rays  impinging  upon  the  surface  from  a 
media  of  higher  index  of  refraction,  air  or  vacuum,  for 
example,  are  reflected  provided  the  grazing  angle  is 
below  a  "critical  angle"  given  by  Snell's  law.  Since 
there  is  some  absorption  in  the  material  the  reflection 
is  not  actually  "total",  the  reflectivity  is  less  than 
unity,  and  some  reflection  occurs  beyond  the  critical 
angle  (Figure  9). 


Figure  5  -  Einstein  Observatory  imaging  proportional 
counter  exposure  of  Andromeda  (M31).  About  30  sources 
in  addition  to  a  large  unresolved  central  region  can 
be  identified.  (Courtesy  of  L.  Van  Speybroeck,  CFA; . 


Figure  6  -  Einstein  Observatory  high  resolution  imager 
exposure  of  the  central  re-^ion  of  M31.  This  region  is 
resolved  into  45  individual  sources.  (Courtesy  of  I.. 
V.in  Fpeybroeck,  CPA). 


Figure  7  -  Combined  Einst«»in  Observatory  imaging  pro- 
nortional  counter  (irc’)  and  high  resolution  imager  (HRT) 
exnor.ures  of  ^  Cen  A  and  '»  Ten  h.  Both  exi>csurcs  are  to 
the  same  scale,  f'ontrary  to  tho<iretical  expectations, 
the  KlV  star  in  brighter  in  v-r.iys  than  the  G2V  star, 
((■■oiirtesy  of  I,.  f',olub,  (TA)  . 
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Figure  9  Calculated  reflection  efficiencies  as  a 
function  of  wavelength  for  various  grazing  angles  and 
xoaterials . 
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Figure  8  -  Principles  o£  the  reflection  of  X-rays 


In  19S2.  H'^lter  (11)  studied  the  imaging  properties 
of  grazing  incidence  optical  systems  employing  figures 
of  revolution  generated  by  conic  sections.  He  was 
interested  in  systems  for  X-ray  microscopy  but  also 
ray-traced  systems  for  which  the  object  was  at  infinity, 
the  situation  in  astronomy.  One  system,  referred  to  as 
Holter  type  I,  consists  of  two  concentric  surfaces 
generated  by  a  parabola  and  hyperbola  having  a  comnon 
focus  (Figure  10) .  The  highest  resolution  mirrors 
currently  used  and  being  developed  (12-18)  for  future 
X-ray  astronomy  programs  are  of  this  type.  Hirrors 
have  been  fabricated  with  arcsecond  spatial  resolution 
over  a  several  arcmlnute  field  of  view.  Because  of 
geometric  aberfatlons,  the  resolution  degrades  with 
field  angle,  but  useful  fields  of  view  of  a  degree  or 
^  more  have  been  obtained.  In  order  to  increase  the 

I  collecting  area  of  a  telescope,  several  mirrors  are 

often  nested  together. 


Th«  equAtlona  Cor  •  phZAboioid  And  hyp«rfaoloid  >fhich  Are  concentric 
and  confocal  can  ba  written  aas 

♦  2P*  ♦  n-!^pa/(t^-l  ))  (Pkrkboloidl 

P 

r’  -  e*((J*Z)*  -  (hypartnloid) 

The  origin  la  at  the  focus  for  axial  rays*  2  is  the  coordinate  along 
the  axis  of  aymetry,  and  r  is  the  radius  of  the  surface  at  2. 

RMS  blur  circXa  radius; 

o  .  .55^  ^  ♦  d  t*n9  t.n*a  radiuik 
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two  surfaces  and  the  path  of  an  axial  ray  that  strikes  at  an  infiniteslMl 
distance  frow  the  intersection).  For  Most  telescope  designs:  C  *  !■ 

1  -1  ^  1  •  • 
o  •  7  tan  (r  /2^)  ■  T  ♦  «h  ) 

4  O  O  2  p  h 

6  •  angle  between  incident  rays  and  optical  axis. 

Cscswtrical  collecting  area: 

R  *  2  ir  r  1*  tana 
o  p 

Effective  collecting  area: 

R  (QpE)  »  AR^(a.e)  •  eaz  L  R^(a,E)o^ 
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where  R  is  the  Fresnel  reflectivity  at  energy  E  and  a«an  grating  angle  a. 


Figure  10  -  Nolter  type  I  mirror  system. 
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Figure  12  -  Electroformed  nickel  X-ray  mirror.  The 
gecmetric  collecting  area  was  2  cm^ ;  the  diameter  7.5 
cm;  the  focal  length  84  cm.  The  resolution  was  'V'  30 
arcseconds.  The  efficiency  at  1.5  keV  was  20%  when 
all  of  the  photons  within  several  arcminutes  of  the 
image  were  included. 


Figure  14  -  The  X-ray  mirror  assembly  of  the  S-0b4  X-ray 
telescope  for  Skylab.  The  reflecting  surfaces  are  Kanigen 
which  is  coated  on  a  beryllium  support  structure.  In 
order  to  increase  the  total  collecting  area,  the  separate 
X-ray  mirrors  wore  nested  together.  The  collecting  area 
is  42  cm^;  focal  length  2.1  m;  resolution  2-3  arcseconds. 
Over  35,000  images  of  the  Sun  were  obtained  on  photo¬ 
graphic  film  during  the  9  month  operational  period  of 
SkylcU5. 


This  telescope  produced  arcsecond  images  of  the 
solar  corona  and  was  able  to  observe  teBg>oral  varia¬ 
tions  of  coronal  features  with  time  scales  ranging  from 
seconds  to  months.  A  photographic  film  camera  was  used 
as  the  imaging  detector.  Figure  15  shows  a  full  disk 
X-ray  photograph  of  the  Sun  taken  during  the  occurence 
of  a  flare.  This  photograph  illustrates  both  the  high 
resolution  achieved  and  the  scattering  resulting  from 
the  microroughness  of  the  mirror  surfaces.  The  radially 
symmetric  pattern  that  extends  almost  to  the  solar  limb 
is  a  result  of  shadowing  of  the  scattered  X-rays  by  the 
support  structures  of  the  mirror  assembly  cuid  both 
delineates  the  extent  of  the  scattering  and  demonstrates 
that  scattering  on  the  mirror  surface  occurs  preferen¬ 
tially  in  the  plane  of  incidence. 
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t  Figure  16  -  Einstein  Observatory  high  resolution 
mirror  assembly.  The  assembly  consists  of  4  nested 
X-ray  mirrors,  giving  a  total  geometric  collecting 
area  of  500  cm*. 

Figure  15  -  An  X-ray  image  of  the  Sun  obtained  during 
the  occurence  of  a  flare.  The  insert  shows  the  actual 
size  of  the  flare  as  obtained  with  an  exposure  1000  X 
less  than  that  of  the  full  disk  exposure.  The  scatter¬ 
ing  of  X-rays  by  the  mirror  surfaces  is  evident. 


The  point  spread  function  (PSF)  of  this  telescope 
was  determined  in  the  laboratory.  The  PSF  was  found  to 
have  a  FWHM  of  3  arcseconds  which  meant  that  local 
slope  errors  of  the  mirror  surfaces  were  well 
controlled.  However,  at  1.7  keV  for  example,  50%  of 
the  imaged  photons  were  outside  a  circle  of  radius  48 
arcseconds.  For  a  high  flux  situation,  this  loss  of 
photons  can  be  tolerated  and  high  resolution  can  still 
be  achieved,  although  faint  features  adjacent  to  bright 
ones  are  obscured.  For  extrasolar  observations  of  weak 
sources,  this  loss  of  photons  from  a  resolution  element 
will  result  in  a  significant  loss  of  sensitivity. 

In  order  to  fabricate  mirrors  useful  for  X-ray 
astronomy,  surface  roughness  had  to  be  reduced  from  the 
50-100  A  nns  surface  heights  achieved  previously  to 
below  30  A,  This  reduction  in  surface  roughness  was 
the  single  most  important  improvement  to  be  made  in  the 
development  of  X-ray  optics  and  was  achieved  for  the 
Einstein  Observatory  mirror  assembly  (Figure  16)  (19) . 
The  PSF  of  the  mirror  assembly  was  determined  at  the 
Marshall  Space  Flight  Center  X-ray  Calibration  Facility 
and  was  found  to  have  a  FMHH  of  3.5  arcseconds  and  at 
1.5  keV,  for  example,  50%  of  the  imaged  photons  were 
within  a  circle  of  radius  5.5  arcseconds.  In-flight 
observations  confirmed  these  measurements  (Figure  17). 

In  order  to  make  use  of  the  imaging  performance  of 
the  Einstein  mirror  assembly,  focal  plane  detectors  had 
to  be  developed.  Both  a  moderate  resolution,  high 
quantum  efficiency  imaging  proportional  counter  (20) 
and  a  high  resolution  microchannel  plate  X-ray  imaging 
detector  (21)  were  developed  for  the  Observatory.  Also, 
a  focal  plane  solid  state  spectrometer  and  a  Bragg 
crystal  spectrometer  were  developed  so  as  to  provide 
high  efficiency,  moderate  resolution  spectroscopy 
and  high  resolution  spectroscopy.  Figure  18  shows  a 
schesiatic  diagram  of  the  Einstein  Observatory.  The 
X-ray  image  of  the  supernova  remnant  Cas  A  (Figure  19) 
demonstrates  the  capability  of  ttie  Observatory  for 
imaging  extended  objects.  During  the  slightly  more  t)ian 
two  years  of  operation  (the  Observatory  ceased  opera¬ 
tions  in  April  1981  after  its  supply  of  gas  for 
maneuvering  was  \ised  up) ,  4000  target  fields  were 
observed  and  8000  individual  sources  ««ere  detected. 
Supernova  remnants,  globular  clusters,  galaxies, 
clusters  of  galaxies,  aliost  every  class  of  star  in  our 
Galaxy,  and  very  distant  quasars  have  been  observed. 


1.0 


0,9 


06 


V) 

QO.7 


gO.6 

o 


UJ 

u 

2  0  5 
o: 

3 
in 


w  0.4 


w  0.3 


0.2  h 


0.1 


00 


-I — I — I — I — I — I — I — I — I — I — r 


“1 — I — r 


O  1.49  keV  CUELIBRATION  DATA 
•  3C273  FLIGHT  DATA 


-1 — 1 _ I _ I _ 1 _ I  I  ***♦••  » 


S  10 

RADIUS,  arcsecs 


IS 


Figure  17  -  Point  spread  function  of  the  Einstein 
Observatory  telescope  as  measured  on  t)>e  ground  and 
in  orbit. 


Figure  18  -  Schematic  diagram  of  the  Einstein 
Observatory . 


Figure  19  -  High  resolution  X-ray  image  of  the  supernova 
remnant  Cassiopeia  A.  Interesting  is  the  absence  of  a 
central  object  which  places  an  upper  limit  of  1.5  x 
10*  “k  on  the  temperature  for  a  collapsed  stellar  remnant, 
below  that  for  normal  neutron  stars  created  in  supernova 
explosions.  (Einstein  Observatory  photograph). 


V.  THE  DIAGNOSIS  OF  ASTROPHYSICAL  PLASMAS 

X-ray  astronomy  is  just  beginning  to  bring  to  bear 
on  astrophysical  problems  the  powerful  observational  and 
theoretical  diagnostic  techniques  developed  for  investi¬ 
gating  the  solar  coronae.  The  use  of  imaging  optics  has 
made  moderate  and  high  resolution  X-ray  spectroscopy  of 
celestial  sources  possible. 

Figure  20  shows  the  X-ray  spectrum  of  the  Cas  A 
supernova  remnant  obtained  by  the  Goddard  Space  Flight 
Center  solid  state  spectrometer  (22)  on  the  Einstein 
Observatory.  The  spectrometer  had  a  FWHM  energy  reso¬ 
lution  of  160  eV  and  an  entrance  aperture  equivalent  to 
6  arcminutes.  Thus,  it  obtained  the  spectrum  of  the 
remnant  as  a  whole.  Superimposed  on  the  data  is  the 
expected  response  of  the  spectrometer  to  a  two-component 
isothermal  model  plasma.  The  dashed  curve  is  the 
contribution  to  the  spectrum  from  the  light  elements  H, 
He,  C,  N,  0,  and  Ne.  The  dominant  features  at  1.86  and 
2.46  )tev  are  consistent  with  the  line  emission  from 
hellmn-lllce  Si  and  S,  respectively. 
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Figure  20  -  X-ray  spectrum  of  the  Cassiopeia  A  supernova 
remnant  obtained  by  t)»e  GSFC  solid  state  spectrometer  of 
the  Einstein  Observatory.  The  lower  dashed  curve 
represents  the  continuum  contribution  from  H,  He,  C,  N, 
O,  and  Ne  conqponents  of  the  hot  gas.  The  solid  curve  is 
the  expected  response  of  the  spectrometer  to  a  two- 
component  isothermal  model.  The  total  emission  from 
Mg,  Al,  Si,  S,  A,  Ca,  and  Fe.  The  two  largest  pea)cs  at 
1.86  and  2.46  )ceV  are  associated  with  emission  from  Si 
and  S,  respectively.  (R.H.  BecJcer  et  al.,  Ap.  J.  lett., 
234,  L73  (1979)). 


The  curved  crystal  Bragg  spectrometer  (23) ,  devel¬ 
oped  by  M.I.T.  for  the  Einstein  Observatory  is  s)K>wn 
schematically  in  Figure  21.  X-rays  from  a  celestial 
source  are  focused  on  one  of  four  selectable  apertures, 
and  then  impinge  on  one  of  six  curved  crystals.  The 
various  crystals  were  used  to  cover  the  energy  range  of 
0.2  to  3  )ceV  with  a  resolving  power  of  50  to  500. 
Because  of  the  complexity  of  x-ray  spectra,  especially 
below  1.5  XeV,  this  high  resolution  was  necessary  in 
order  to  use  several  plasma  diagnostics,  e.g.,  Doppler 
broadening,  line  profile  measurements,  relative 
strengths  of  closely  spaced  multiple  lines,  etc.  to 
determine  temperatures,  abundances,  ionization 
equilibria,  etc.  Figure  22  is  a  spectrum  of  the  super¬ 
nova  remnant  Pup  A  observed  by  this  instrument. 


crystal  spectrometer  on  the  Einstein  Observatory. 
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Figure  22  -  X-ray  spectrum  of  the  Puppis  A  supernova 
remnant  obtained  by  t)ie  MIT  focal  plane  crystal  spectro¬ 
meter  on  the  Einstein  Observatory.  The  most  prominent 
lines  are  those  of  hydrogen  and  helium-like  ions  of 
oxygen  (OVIII)  and  neon  (Neix,  NeX) ,  and  neon-like  iron 
(FeXVII).  This  is  similar  to  the  spectra  of  solar  active 
regions  and  suggests  a  temperature  of  2-5  x  10  K. 

(P.F.  Winkler  et  al.,  Ap.  J.  Lett.,  246,  L27  (1981). 
P)»tograph  courtesy  of  C.  Canizares,  MIT). 
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An  objective  grating  spectrometer  was  also  devel* 
oped  for  the  Einstein  Observatory.  500  Ip/mm  or  1000 
Ip/mn  gratings*  prepared  by  the  University  of  Utrecht, 
could  be  placed  in  the  optical  path  of  the  telescope < 
The  high  resolution  imager  was  used  to  detect  the 
dispersed  images  of  point  sources.  The  resolution  at 
short  wavelengths  (A  <  20  A)  was  limited  by  the  tele-' 
scope  resolution,  whereas  at  longer  wavelengths  it  was 
limited  by  ed>^rrations.  For  the  1000  Ip/imn  grating, 

A/ AX  s  A/0.4  A  and  A/AA  «  60  for  the  short  and  long 
wavelengths,  respectively.  The  1000  Ip/mm  grating  had 
to  be  strengthened  with  a  plastic  film  backing  and  this 
reduced  its  efficiency  considerably.  Over  two  dozen 
sources  were  observed  with  the  grating  spectrometer. 

VI.  FUTURE  PROGRAMS 

Ted>le  I  is  a  summary  of  past  and  future  orbiting 
high  resolution  X-ray  telescopes.  As  in  optical 
astronomy,  progress  in  X-ray  astronomy  will  require  the 
estad>lishment  of  a  permanent  observing  capability.  The 
Advanced  X-ray  Astrophysics  Facility  (AXAF)  is  being 
designed  to  meet  this  goal. 
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AXAF  is  to  be  a  free-flying  long-lived  (10-15 
years)  X-ray  observatory  that  is  launched  by  the 
Shuttle,  maintained  on-orbit,  and  retrievable  (Figure 
23) .  It  is  conceived  as  an  X-ray  telescope  consisting 
of  six  nested  X-ray  mirrors  (Figure  24)  with  a  maximum 
aperture  of  1.2  m,  a  focal  length  of  10  m,  and  inter¬ 
changeable  and  replaceable  focal  plane  instruments. 

The  telescope  will  provide  half-arcsecond  imagery  over 
the  central  field  for  X-rays  between  0.1  and  10  keV. 
Besides  the  broader  spectral  range,  the  sensitivity  of 
AXAF  is  projected  to  be  a  factor  of  100  or  more  greater 
than  that  of  the  Einstein  Observatory. 
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Figure  23  -  The  Advanced  X-ray  Astrophysics  Facility 
(AXAF) ,  a  high  resolution  "permanent"  X-ray  observatory 
to  be  placed  in  space  in  the  later  lOSO's. 
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Figure  24  -  Schematic  of  the  AXAF  mirror  assembly. 

The  AXAF  will  provide  a  "permanent"  observatory 
capability  in  the  X-ray  region  of  the  electromagnetic 
spectrum  that  is  well  matched  to  the  direction  of 
astrophysics  research  and  complementary  to  the  capa¬ 
bilities  of  the  Space  Telescope  (ST)  in  the  optical 
region  and  the  Very  Large  Array  (VLA)  in  the  radio 
region  of  the  spectrum  (Figure  25). 

The  mirror  assembly  for  AXAF  will  represent  a 
significant  advance  in  the  fabrication  of  x-ray  optics 
for  x-ray  astronomy.  It  will  have  a  factor  of  four 
larger  geometric  collecting  area  and  a  factor  of  seven 
better  spatial  resolution  than  the  Einstein  Observatory. 
Figure  26  is  a  comparison  of  the  integrated  point  spread 
functions  of  these  two  observatories.  The  AXAF  mirror 
performance  will  be  achieved  by  maintaining  local 
surface  slopes  to  within  tolerances  of  0.05  arcsecond 
and  surface  roughness  to  the  10-15  A  level.  Fabrication 
and  metrology  techniques  are  being  developed  to  meet 
these  requirements  (31). 
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Figure  25  -  Tt,e  spectra  of  several  characteristic 
objects  (energy  flux  density  per  unit  frequency  interval 
vs  frequency)  are  shown.  Plotted  on  t)>e  figure  are  tl>e 
sensitivities  of  a  number  of  different  instruments  to 
emphasize  the  progress  that  has  occurred  in  different 
branches  of  astronomy.  The  illustration  is  intended 
to  emphasize  the  comnonallty  of  scientific  objectives 
among  radio,  optical  and  X-ray  observations  euid  the 
complementary  nature  of  the  AXAF  mission  to  the  Space 
Telescope  and  the  Very  Large  Array. 
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Figure  26  -  A  comparison  of  the  AXAF  emd  Einstein 
Observatory  telescope  integrated  point  spread  functions 
at  2.5  keV.  The  AXAF  curve  is  the  design  goal. 

VII.  FUTURE  DEVELOPMENTS 

In  solar  X-ray  astronomy  there  is  great  interest 
in  imaging  coronal  structures  at  the  sub-arcsecond 
level.  A  grazing  incidence  solar  telescope  of  a  few 
tenths  of  an  arcsecond  has  been  proposed  (32) .  As  we 
increase  the  angular  resolution  of  mirror  systems, 
however,  we  start  to  run  into  difficulties  with  imaging 
detectors.  Present  charge  transfer  devices  (33)  and 
microchannel  plates  (21)  have  imaging  elements  of  the 
order  15-25  pm.  For  a  10  m  telescope,  the  plate  scale 
is  50  im  (arcsecond) ,  so  that  these  detectors  would 
t>e  adequate  for  half-arcsecond  resolution.  If  we  were 
reduce  the  focal  length  2md/or  increase  the  angular 
resolution  of  a  mirror  system  beyond  this  resolution, 
then  these  detectors  would  be  inadequate.  Analogous 
to  visible  light  optics,  it  is  possible  to  design 
systems  (32)  which  employ  relay  optics  at  the  prime 
focus  to  increase  the  overall  focal  length  (Figure  27) . 
A  suit2tbly  modified  grazing  incidence  microscope  (34) 
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Figure  27  -  Schematic  diagram  of  the  design  of  a 
grazing  incidence  telescope  employing 
a  grazing  incidence  microscope  as  a 
magnifying  relay  lens  (J.  Davis  at  al., 
op.  cit,). 


could  be  used  to  magnify  the  prime  focus  of  a  rela¬ 
tively  short  focal  length  primary  mirror.  However, 
such  systems  suffer  from  additional  scattering  and 
reflectivity  losses  and  have  a  very  narrow  field  of 
view  (~  arcminute) .  The  feasibility  of  such  an 
approach  has  not  yet  been  demonstrated. 

Another  approach  to  high  resolution  x-ray  optics 
should  be  mentioned  here,  although  it  has  been 
discussed  in  greater  detail  at  this  conference.  It  is 
possible  to  achieve  significant  reflection  efficiencies 
at  normal  incidence  for  soft  X-ray  wavelengths  (~  1/4 
keV)  by  using  multilayer  coatings  (35,36).  Compared 
to  grazing  incidence  mirrors,  normal  incidence  X-ray 
mirrors  would  have  larger  useful  fields  of  view, 
lower  aberrations,  and  larger  collecting  areas  for  a 
given  aperture.  It  appears  theoretically  possible  to 
construct  normal  incidence  mirrors  with  resolutions  of 
between  0.01  and  0.1  arcsecond.  A  3-inch  diameter 
spherical  test  mirror  optimized  for  0.2  keV  has 
recently  been  fabricated  (37)  and  will  be  tested  soon 
at  the  MSFC  X-ray  Test  Facility  (Figure  28).  This 
mirror  has  been  coated  with  124  layers  at  IBM  and  is 
expected  to  have  a  peak  reflectivity  of  several  per¬ 
cent,  a  bandpass  of  a  few  Angstroms,  and  a  resolution 
of  1  arcsecond  (limited  by  the  detector). 


Figure  28  -  Prime  focus  normal  incidence  mirror  X-ray 
calibration  test  configuration  at  the  Marshall  Space 
Flight  Center.  (Courtesy  of  P.  Henry,  CFA) . 
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Note:  The  mirror  was  successfully  tested  and 
demonstrated  a  reflectivity  of  a  few  percent 
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seconds,  1/2  degree  off-axis. 


Dr.  Martin  Zoabeck  of  the  Harvard/SMithaonlan  Center 
for  Astrophyslca,  reviewing  developaenta  In  x-ray 
astronoay  and  astrophysics. 


Drs.  Paul  Kirkpatrick  (left)  and  Martin  Zoobeck  during 
the  question  and  answer  period. 


Dr.  Natale  Cagllo  In  a  post  presentation  discussion  of 
advances  In  x-ray  optics.  Dr.  Cegllo's  paper  begins 
on  the  following  page. 
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ABSTRACT 


X-ray  optics  stands  on  the  threshold  of  realizing  its  early  prosiise:  precision 
analysis  of  microstructure  on  the  scale  of  the  x-ray  wavelength.  The  achievement  of 
thia  exciting  goal  will  depend  in  large  part  on  advances  in  microfabrication  technology 
making  possible  the  precision  fabrication  of  periodic  microstructures.  A  review  of 
recent  advances  in,  as  well  as  future  prospects  for:  x-ray  microscopy,  coded  imaging, 
and  space-time  resolved  spectroscopy,  resulting  from  improved  microstructure  fabrication 
capabilities  is  presented. 


INTRODUCTION 

-  In  x-ray  optics  there  are  no  new  ideas  only 
new  technologies  to  exploit.  - 

The  past  decade  has  brought  a  wide  array  of 
advances  in  x-ray  optics  placing  it  on  the  threshold 
of  achievements  which  could  significantly  transform 
the  fields  of  microbiology  and  materials 
microanalysis .  Important  contributions  to  other 
research  disciplines  such  as  plasma  physics  and 
surface  physics  may  also  be  expected.  This  exciting 
condition  results  not  from  any  conceptual 
breakthrough  or  new  understanding  of  x-ray  optical 
principles.  It  results,  instead,  from  advances  in 
technology  which  for  the  first  time  make  possible  the 
precision  implementation  of  concepts  which  are  many 
decades  old.  The  early  promise  of  x-ray  optics: 
precision  analysis  of  microstructure  on  the 
scale-length  of  the  x-ray  wavelength  appears  within 
our  near  term  grasp. 

A  number  of  technologies  have  contributed  to  the 
rapid  advance  in  x-ray  optical  capabilities. 
Improvements  in  the  ability  to  accurately  figure, 
polish  and  measure  reflective  surfaces  have  led  to 
x-ray  microscopes  and  telescopes  of  unprecedented 
resolution  and  reflection  efficiency.^  The 
availability  of  dedicated  synchrotron  and  storage 
ring  facilities  as  well  as  high  power  laser,  particle 
beam,  and  discharge  devices  now  provide  a  variety  of 
bright  x-ray  sources  with  varied  spectral,  temporal, 
collimation  and  coherence  characteristics.^ 

Advances  in  solid  state  technology^  and  photoresist 
chemistry^  have  provided  high  resolution  detectors 
of  significantly  improved  sensitivity. 

In  addition  to  the  above,  and  of  particular 
interest  to  this  discussion,  are  the  significant 
advances  in  microfabrication  technology  which  make 
possible  the  fabrication  of  organized  structures  on  a 
sub-micron  scale.  This  technology  may  very  likely 
have  the  greatest  near  term  impact  on  x-ray  optics. 
This  is  so  for  at  least  two  reasons:  (1)  Advances 
in  microstructure  fabrication  are  driven  by  a  robust, 
highly  competitive,  billion  dollar  semiconductor  and 
integrated-circuit  industry.  This  driving  force 
will,  for  at  least  the  near  term,  keep  the  field 
active  and  creative,  advancing  at  an  ever 
accelerating  pace.  (2)  Diffractive  optical 
components  -  periodic  microstructures  -  will  play  the 
key  role  in  high  resolution  x-ray  microscopy,  and  in 
the  achievement  of  a  diffraction  limited  x-ray 
focusing  and  manipulation  capability  in  the 
laboratory. 


The  central  role  of  diffractive  optics  in  x-ray 
microscopy,  and  its  close  coupling  to  microstructure 
fabrication  comprise  the  central  theme  of  this 
article.  High  resolution  (<  1000  A)  microscopy 
and  microanalysis  will  most  easily  be  achieved  using 
diffraction  optics.  Reflection  optics  are  more 
appropriate  for  high  resolution,  high  speed 
telescopy.  Telescopy  generally  requires  optical 
elements  having  large  collection  area  and  broadband 
spectral  capability,  characteristics  most  easily  met 
by  reflective  components.  Diffractive  components 
provide  a  different  set  of  characteristics,  which  are 
more  appropriate  to  microscopy.  A  diffractive 
optical  element  is  in  essence  simply  a  periodic 
structure.  The  resolution  and  speed  of  such  an 
element  are  proportional  to  its  minimum  scale  size. 
Its  f/number  may  be  represented, 

.#  minimum  scale  size 

f  . - 1 -  (1) 

X 

where  is  the  x-ray  wavelength.  Particularly 
noteworthy  is  the  fact  that  the  f/number  does  not 
depend  on  the  overall  surface  area  of  the  diffractive 
component.  Such  an  x-ray  optical  component  may 
indeed  be  microscopic  in  overall  size.  (A  design  of 
an  x-ray  lens  with  overall  diameter  of  20  |im  is 
presented  in  a  subsequent  section).  Another 
significant  practical  feature  of  a  diffractive 
lensing  pattern  is  that  its  performance  (i.e. 
resolution)  is  quite  forgiving  of  random  errors  or 
defect  sites  in  the  periodic  pattern. 

As  described  above  a  diffractive  optic  for  high 
resolution  microscopy  or  microanalysis  will  require 
the  fabrication  of  a  microscopic  periodic  structure 
with  a  periodic  scale  size  less  than  1000  A. 

Precision  control  over  the  periodicity  of  the 
structure  will  be  required,  but  random  pattern 
defects  can  be  tolerated.  This  challenge  is  well 
matched  to  the  capabilities  of  microfabrication 
technology. 

Microfabrication  technology  can  contribute  to  the 
development  of  high  resolution  diffractive  components 
in  at  least  two  specific  areas:  (1)  Advances  are 
needed  in  the  fabrication  of  small  scale,  planar, 
periodic  structures  such  as  zone  plates,  transmission 
gratings  and  coded  apertures.  These  structures 
operate  as  amplitude  modulation  devices  for  x-ray 
focusing,  imaging  and  spectral  dispersion.  (2) 
Advances  are  also  needed  in  the  precision  control  of 
material  thickness  and  vertical  profile  of  "planar" 
periodic  structures,  as  well  as  in  the  diversity  of 
materials  from  which  such  microstructures  can  be 
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made.  These  developments  will  make  possible  the 
fabrication  of  high  efficiency  phase  modulation 
devices  such  as  multilayer  Interference  films^^ 
Fresnel  phase  plates  and  phase  gratings,  matched 
filter  pair  coded  apertures  and  perhaps  even 
transmission  blazed  Fresnel  phase  plates  and  phase 
grat ings. 

The  following  sections  are  discussions  of  x^ray 
optical  elements:  Fresnel  zone  plates,  coded 
apertures,  and  linear  transmission  gratings.  Recent 
accomplishments  in  the  development  and  application  of 
such  elements  are  reviewed,  and  areas  in  vihich  future 
work  would  be  most  fruitful  are  delineated.  The 
discussions  have  a  specific  emphasis.  They  stress 
the  key  role  of  microstructure  fabrication  in  the 
recent  progress  in  x*ray  diffractive  optics,  and  the 
critical  dependence  of  future  progress  on  continued 
advances  in  microfabrication  technology.  Specific 
attention  is  drawn  to  the  current  condition  in  which 
many  of  Che  more  promising  goals  of  x~ray  optics  can 
be  quite  simply  reduced  Co  particular  challenges  in 
microstructure  fabrication. 

FRESNEL  ZONE  PLATE  LENSING  ELEMENTS 


Eq.  (3),  with  a  corresponding  focal  length  given 
simply  by 

2 


The  resolution  of  the  FZP  according  to  the  Rayleigh 
criterion  is 

6  .  1.22(1  +  htr  (5) 

n 

where  H  is  the  image  magnification  and  Ar  is  the 
width  of  the  outermost  zone.  For  a  geometrical  zone 
plate  the  outermost  (i.e.  minimum)  zone  width  may  be 
simply  expressed, 


Ar 


(6) 


where  N  is  the  total  number  of  zones  and  rjj  is  the 
overall  ZP  radius.  Combining  eqns.  (4)  and  (6)  we 
see  that  the  f/ number  (s  focal  length/d iameter)  of 
the  zone  plate  lens  depends  only  on  its  minimum  zone 
width  and  the  x-ray  wavelength  used: 


A  Fresnel  zone  plate  pattern  is  shown  in  Fig.  1. 
It  is  a  circularly  symneCric  array  of  annular  zones 
which  are  alternately  transparent  and  opaque.  The 
concentric  circles  defining  the  successive  annuli 
have  radii,  r^,  given  by^ 


2  2 
n  X 


nX  f  ♦ 


1,2,3. 


(2) 


where  f  is  the  focal  length,  X^  is  the  x-ray 
wavelength,  and  n  is  the  zone  number.  When  used  in 
x-ray  transmission,  the  FZP  acts  as  a  focusing  (or 
imaging)  element  diffracting  102  of  the  incident 
radiation  into  a  first  order  real  focus.  The 
remainder  of  the  incident  radiation  is  either 
absorbed  (502)  by  the  opaque  zones  or  directed  into 
other  diffractive  orders  (252  zeroth,  152  other). 
For  cases  in  which 


2 


n 


(3) 


the  second  term  of  Eq.  (2)  may  be  neglected  without 
incurring  significant  spherical  aberration  in  imaging 
applications.^  The  resulting  geometric  zone  plate 
pattern  is  periodic  in  r^ ,  and  has  equi-area 
annular  zones.  It  may  be  used  as  a  narrowband 
lensing  element  for  any  x-ray  wavelength  satisfying 


X 

A  characteristic  feature  of  a  diffractive  optical 
element  is  the  wavelength  dependence  of  its  focal 
properties,  as  expressed  in  eqn.  (4).  In  imaging 
applications  this  leads  to  chromatic  aberration 
unless  the  x-ray  illumination  is  relatively 
narrowband.  It  is  generally  required  that 


AX 


>  N 


(8) 


for  the  chromatic  aberration  to  have  negligible 
effect  on  zone  plate  resolution.  In  some 
applications,  however,  the  wavelength  dependence  of 
zone  plate  focusing  properties  may  be  used  to 
advantage,  as  illustrated  in  Fig.  2.  Shown  is  an 
off-axis  segment  of  a  Fresnel  zone  plate  used  as  an 
imaging  spectrometer  to  provide  spatially  separated, 
chromatically  distinct  images  of  a  polychromatic 
x-ray  source.  The  off-axis  zone  plate  is  a  circular, 
off-axis  segment  of  a  circularly  symmetric  (on-axis) 
Fresnel  zone  plate.  It  has  the  same  focal  length  and 
chromatic  properties  as  its  "parent"  zone  plate,  but 
somewhat  poorer  resolution  because  of  its  reduced 
d iameter®. 

The  interesting  potential  of  Fresnel  zone  plates 
for  high  resolution  microscopy,  and  the  close 
coupling  of  this  goal  to  microfabrication  technology 
are  expressed  in  Eqns.  (5)  and  (7),  wherein  the 
resolution  and  speed  of  such  elements  depend  linearly 
on  the  minimum  zone  width  of  the  structure  to  be 
fabricated.  Shaver,  ct  al.^  took  a  significant 
early  step  toward  the  fabrication  of  FZP  lensing 


Fig.  1:  Fresnel  Zone  Plate  Pattern 


Fig.  2:  An  off-axis  segment  of  a  Fresnel  zone  plate 
used  as  an  imaging  spectrometer. 
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elements  for  high  resolution  microscopy.  The  result 
of  this  work  is  presented  in  Fig.  3.  Shown  is  a  free 
standing,  thick,  gold  FZP  with  a  minimum  zone  width 
%  3200  A,  diameter  630  pm  (500  zones),  and 
a  thickness  greater  than  1  pm.  Perhaps  most 
significant  about  this  work  is  the  method  used  for 
zone  plate  fabrication.  The  FZP  pattern  was 
generated  directly  using  scanning  electron  beam 
lithography  (SEBL).  The  thin,  gold  pattern  so 
generated  was  subsequently  used  as  an  x-ray  mask  for 
x-ray  lithographic  replication  in  "thick"  x-ray 
resist  (PMMA).  The  resist  pattern  then  served  as  an 
electroplating  mold  for  the  production  of  the 
free-standing  gold  zone  plate  structure  shown  in 
Fig.  3.  While  other  methods  have  been  used  for 
generating  FZP  lensing  elements, the  power  of  the 
above  described  approach  lies  in  its  versatility  and 
potential  for  scaling  to  narrower  linewidths.  SEBL 
techniques  have  been  used  for  pattern  generation  down 
to  sub-1000  A  I inewid ths , ^ ^  and  its  capabilities 
continue  to  rapidly  improve  with  the  fast  paced 
advance  of  the  field.  In  addition,  SEBL  pattern 
generation  allows  changes  in  zone  plate  design  or 
spherical  aberration  correction  to  be  accomplished 
simply,  through  minor  changes  in  the  pattern 
generation  program.  The  same  is  true  for  changes  in 
support  structure  design  for  free-standing 
structures.  Use  of  x-ray  lithography  for  pattern 
replication  provides  a  capability  for  "thick",  high 
aspect-ratio  structures,  which  extend  the  x-ray  lens 
capability  to  higher  energy  and  make  possible  the 
fabrication  of  thick,  phase  modulation  ^r^ray  elements. 

FZP  lensing  elements  have  been  resolution  tested 
as  imaging  components  in  "crude",  first  generation 
x-ray  microscopes,  and  have  demonstrated  image 
resolution  approaching  the  diffraction  limit.  Such  a 
demonstration  experiment  is  illustrated  in  Fig.  4. 

Fig  4(a)  illustrates  the  test  set  up  in  which  the  FZP 
of  Fig.  3  was  used  as  the  objective  lens  in  a  14x 
microscope  to  image  a  resolution  test  pattern  backlit 
with  Al  Ka  radiation  (Xy  «  8.34  A). ^2 
resolution  test  pattern  was  in  this  case  a  "crude" 
zone  plate  having  1.0  utn  minimum  zone  width.  The 
results,  Fig.  4(b),  show  the  l.O  pni  lines  and 
spaces  clearly  resolved.  (The  data  does  suffer  from 
shot  noise  due  to  source  intensity  limitations). 

This  test  demonstrated  a  FZP  lens  resolution  within 
almost  a  factor  of  two  of  the  diffraction  limit,  eqn. 
(5).  Additional  tests  are  being  conducted  using  test 
patterns  with  sub-micron  feature  size  to  extend  the 
resolution  test  to  the  diffraction  limit.  The  most 


impressive  demonstration  of  diffraction  limited 
resolution  by  a  FZP  lensing  element  has  been 
performed  by  Schmahl,  et  al.^^,  and  is  displayed  in 
Fig.  5.  In  this  case,  using  a  holographically 
generated  zone  plate  pattern  with  minimum  linewidth 
a  1200  A,  biological  specimens  were  imaged 
demonstrating  a  resolution  approaching  1500  A  in 
the  first  order. 

The  demonstration  of  diffraction  limited 
resolution  by  FZP  lensing  elements  encourages  the 
design  of  next  generation  FZP's,  which  will  bring  us 
into  Che  regime  of  x-ray  microscopy  and  microanalysis 
on  a  sub-1000  A  scale.  A  number  of  criteria  stand 
out  in  Che  design  of  such  an  optical  component.  The 
pattern  should  be  small  in  order  to  minimize  problems 
of  SEB  distortion  in  pattern  generation,  as  well  as 
problems  of  mechanical  stability  of  the  free  standing 
structure.  This  small-size  criterion  establishes  the 
zone  number  at  N»100,  Che  minimum  number  of  zones  for 
which  a  FZP  can  be  expected  to  exhibit  Chin  lens 
performance.^^  Image  resolution  requirevnents 
determine  the  minimum  zone  width,  Ar.  In  this  case 
At  -  500  A  is  chosen.  Such  a  lensing  element 
would  produce  Che  sub-lOOO  A  probe  spot  size  of 
interest  in  x-ray  microanalysis,  while  taking  a 
significant  step  Coward  the  goal  of  *v  200  A 
resolution,  at  which  Che  microscopy  of  live 
microbiological  samples  becomes  most 
interesting.^^  The  parameters,  Ar  ®  500  A, 

N  -  100,  set  Che  FZP  diameter  at  20  pm.  The 
required  zone  plate  thickness,  t,  as  well  as  its 
focal  length  and  f/number  are  established  by  the 
choice  of  x-ray  wavelength.  At  Xy  -  50  A  the 
focal  length  is  200  pm,  f/number  is  10,  and  a 
material  thickness,  t  **  1000  A  gold,  is  sufficient 
to  absorb  more  than  90Z  of  the  radiation  incident  on 
Che  solid  zones.  This  geometrical  zone  plate  design 
satisfies  eqn.  (3),  eliminating  spherical  aberration 
as  a  limit  Co  resolution. 


Fig.  3:  Free  standing  Fresnel  Zone  Piste  lensing 
element  Ar  *  3200  A. 


Fig.  4.  (a)  FZP  Test  Microscope:  14x. 

(b)  Preliminary  resolution  test  results  for 
FZP  lensing  element. 
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Fig.  5:  Diffraction  limited  FZP  x-ray  images  of 
biological  specimens,  6  »  1500  A.  (Schmahl,  et  al,  ref. 13) 


The  FZP  structure  described  above  could  be 
fabricated  using  the  techniques  employee  by  Shaver, 
et.  al.  The  primary  challenge  would  be  that  of  the 
initial  pattern  generation  using  SGBL.  However,  in 
some  ways  generation  of  the  proposed  pattern  would  be 
simpler  than  that  shorn  in  Fig.  3.  Although  the 
minimum  zone  width  is  smaller  by  roughly  a  factor  of 
seven  for  the  proposed  design,  thereby  requiring  an 
electron  beam  exposure  spot  size  •  200  A,  the 
total  field  area  is  roughly  three  orders  of  magnitude 
smaller,  significantly  reducing  problems  of  pattern 
distortion  and  structural  stability.  The  total 
number  of  electron  beam  exposures  required  to 
generate  the  pattern  is  »  10®,  a  factor  of  30 
less  than  required  for  the  pattern  in  Fig.  3.  Beam 
placement  accuracy  is  more  stringent  than  in  Fig.  3, 
requiring  better  than  one  part  in  10^  over  the 
20  pm  X  20  pm  field.  Table  I  provides  a  brief 
summary  of  the  FZP  design  characteristics,  and  SEBL 
pattern  generation  requirements. 

A  significant  feature  of  the  above  discussion  of 
x-ray  lens  design  and  fabrication  is  that  in  the  end 
the  matter  of  feasibility  reduces  to  a  question  of 
SEBL  capabilities.  Perhaps  the  most  interesting 
challenge  ever  confronted  in  x-ray  microscopy  reduces 
quite  simply  to  a  problem  in  microstructure 
fabrication;  can  a  microscopic  pattern  of  concentric 
circles  be  written  with  200-500  A  precision? 

Significant  increases  in  x-ray  lens  efficiency 
and  background  reduction  (due  to  other  orders)  can  be 
achieved  by  employing  phase  modulation  effects  in 
diffractive  optical  components.  Employing  such 
concepts  one  can  design  a  "true  x-ray  lens",  that  is 
an  optical  component  which  focuses  nearly  all  of  its 
transmitted  radiation  into  a  single  order  focus. 

The  evolution  of  such  a  design  concept  is  illustrated 
in  Fig.  6.  Figure  6a  shows  a  Fresnel  zone  plate 
(FZP).  The  FZP  performs  an  amplitude  modulation 
(periodic  in  r^)  of  the  incident  plane  wave, 
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focusing  roughly  lOX  of  the  incident  energy  into  a 
first  order  focal  spot#  Fig*  6b  shows  a  Fresnel 
phase  plate,  a  somewhat  more  efficient  focusing 
element.  The  FPP  performs  a  phase  and  amplitude 
(because  of  finite  x-ray  absorption)  modulation  of 
the  incident  plane  wave.  The  modulation  function  has 
the  form  of  a  square  wave  periodic  in  r^.  In  the 
limit  of  small  absorption,  the  FPP  can  focus  roughly 
402  of  the  incident  energy  into  a  first  order  focal 
spot.  Figure  6c  shows  a  blazed  Fresnel  phase  plate. 
The  BFPP  transforms  the  incident  plane  wave  into  a 
converging  spherical  wave  having  an  amplitude 
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Fig.  6:  The  energy  distribution  is  shown  for  a 
parallel,  monochromatic  x-ray  beam  incident  on 
(a)  a  Fresnel  zone  plate,  (b)  a  Fresnel  phase 
plate,  and  (c)  a  blazed  Fresnel  phase  plate. 


214 

modulation  (because  of  finite  x-ray  absorption) 
periodic  in  r^.  As  a  result  of  the  periodic 
amplitude  modulation,  the  BPPP  will  diffract  energy 
into  foci  other  than  the  first  order  real  focus. 
However,  in  cases  of  small  absorption,  such  effects 
are  negligible  and  practically  all  the  unabsorbed 
energy  is  directed  into  the  first  order  real  focus. 

An  illustrative  example  comparing  the  performance 
of  a  FZP,  FPP,  and  BFPP  illuminated  with  a  plane 
parallel  x-ray  beam  at  *  10  A  is  shown  in 
Table  II.  The  phase  modulation  elements  would  in 
this  case  be  made  of  aluminum.  An  aluminum  thickness 
of  1.6  pm  produces  a  w  phase  shift  at 
Xx  *  10  A. 

The  key  to  the  achievement  of  the  above  x-ray 
optical  capabilities  lies  in  the  advancement  of  the 
technology  for  the  fabrication  of  precision  thickness 
and  profile  controlled  (for  the  BFPP)  periodic 
microstructures  from  materials  chosen  for  their  x-ray 
refractive  properties.  The  current  state  of  the  art 
in  microfabrication  technology  places  the  BPPP  beyond 
realistic  near  term  capabilities.  However,  x-ray 
FPP *8  could  indeed  be  fabricated  from  a  variety  of 
interesting  materials  (Al,  Si,  Cu,  polymers,  etc.) 
with  a  near  term  technological  effort  directed  toward 
such  a  goal. 


CODED  APERTURES 

A  clever  approach  to  x-ray  imaging  involving 
neither  reflective  nor  diffractive  optics,  but 
nonetheless  offering  large  radiation  collection 
efficiency  along  with  good  resolution  was  first 
proposed  by  Hertz  in  1960  for  use  in  x-ray 
astronomy. In  this  two-step,  coded-imaging 
technique  an  appropriately  designed  periodic  array  of 
openings  in  an  opaque  mask  is  utilized  as  a  coded 
aperture  in  a  simple  x-ray  shadow  camera.  The  x-ray 
source  distribution  casts  simple  geometric  shadows 
(i.e.  diffraction  effects  are  negligible)  through  the 
coded  aperture  producing  a  coded  image,  which  is 
subsequently  decoded  by  a  numerical  or  optical  method 
matched  to  the  coded  aperture  design.  Hertz  proposed 
a  particular  coded  imaging  technique,  zone  plate 
coded  imaging  (ZPCl),  involving  the  use  of  a  Fresnel 
zone  plate  as  coded  aperture,  thereby  allowing  for 
the  simple  optical  reconstruction  of  coded  images. 
Fig.  7  illustrates  the  principles  of  the  two-step, 
zone  plate  coded  imaging  technique  for  an  incoherent 
laboratory  source  distribution.  The  source  is 
represented  as  a  distribution  of  points  of  short 
wavelength  radiation  (i.e.  diffraction  by  the  zone 
plate  coded  aperture  is  negligible).  Each  source 
point  casts  its  distinct  shadow  through  the  zone 
plate  aperture  onto  a  shadowgraph  or  coded  image 
recording  medium.  Note  that  each  shadow  uniquely 
characterizes,  by  its  size  and  position,  the  spatial 
location  of  its  associated  source  point:  an  off-axis 
point  casts  an  off-axis  shadow,  a  distant  point  casts 
a  small  shadow,  a  close  point  casts  a  large  shadow. 
Thus,  the  spatial  distribution  of  the  source  is 
recorded  in  the  distribution  (position  and  size)  of 
the  zone  plate  shadows  in  the  coded  image.  The  next 
step  of  this  imaging  process  is  shadowgraph  decoding, 
which,  because  of  the  Fresnel  zone  plate  geometry  of 
the  coded  aperture,  may  be  achieved  by  simple  optical 
methods  reminiscent  of  holographic  image 
reconstruction.  The  processed  coded  image  is 
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Fig.  7:  Basic  principles  of  the  two  step  zone 
plate  coded  imaging  technique. 


coherently  illuminated  using  an  optical  laser.  Each 
zone  plate  shadow  focuses  the  incident  laser  light  to 
a  diffraction  limited  spot,  the  image  of  its 
associated  source  point,  thereby  reconstructing  the 
original  source  distribution  point  by  point. 

Coded  imaging  methods  have  unique  capabilities 
which  set  them  apart  from  conventional  imaging 
techniques.  Coded  methods  are  broadly  achromatic. 

The  only  requirement  on  the  source  radiation  is  that 
its  wavelength  be  sufficiently  '*short"  that 
geometrical  optics  prevail  during  image  encoding,  and 
sufficiently  ''long"  that  appreciable  attenuation 
occur  in  the  opaque  zones  of  the  coded  aperture. 
Another  important  advantage  of  a  coded  imaging  method 
is  its  large  radiation  collection  solid  angle, 
typically  four  to  six  orders  of  magnitude  greater 
than  a  pinhole  camera  of  equivalent  resolution.  This 
can  provide  a  significant  S/N  advantage  for  coded 
imaging  of  radiation  sources  of  limited  extent. 

In  addition,  coded  techniques  have  a  tomographic 
capability.  Three  dimensional  source  detail  is 
recorded  and  reconstructed  as  illustrated  in  Figure  7 

For  the  past  five  years  coded  imaging  techniques 
havo  been  successfully  employed  for  moderate 
resolution  (microns)  microscopy  of  high  temperature 
laboratory  plasmas. This  has  been  possible  due 
to  the  emerging  capability  for  precision  fabrication 
of  coded  apertures  on  a  microscopic  scale, 
particular  the  successful  implementation  of  ZPCI  for 
the  microscopy  of  laser  fusion  targets  has  required 
the  fabrication  of  freestanding,  gold  micro-Fresnel 
zone  plates  with  minimum  linewidths  (1-13  pm), 
thicknesses  (2-38  pm),  and  diameters  (0.4-13  mm). 

A  SEM  micrograph  of  a  typical  zone  plate  coded 
aperture  is  shown  in  Fig.  8.  Such  apertures  have 
been  used  to  produce  moderate  resolution,  broadband 
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Table  II:  Comparative  performance  of  x-ray 
tensing  elements  at  Ax  *  A. 


Fig.  8:  Zone  Plate  Coded  Aperture,  Ar  ■  3  pm, 
N  ■  240,  t  ■  12  pm  thick  gold. 
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images  of  x-ray  (and  particle)  emissions  from 
laser-induced  micro-implosions  of  deuterium-tritium 
filled  glass  microspheres  of  interest  in  laser  fusion 
studies.  Figs.  9-11  show  such  ZPCI  results.  Fig.  9 
displays  the  suprathermal  x-ray  emission  in  a  band 
17-30  ReV  from  a  microsphere  target  illuminated  from 
top  and  bottom  with  a  90  psec,  20  TW  pulse  of  1.06 
urn  laser  light.  Image  resolution  is  IS  pm. 

(Other  experimental  details  may  be  found  in  ref. 

(21)).  Fig.  10  displays  the  x-ray  emission  from 
a  laser  imploded  microsphere  in  four  distinct  energy 
channels.  The  images  show  the  spectral  evolution  of 
emission  detail  at  the  directly  illuminated  spherical 
target  surface  as  well  as  in  the  compressed  target 
core  (produced  by  the  ultimate  implosion  of  the 
microsphere).  These  multispectral  x-ray  images  were 
recorded  on  a  single  target  shot  with  a  single  aone 
plate  shadow  camera,  utilizing  a  multi-layer 
filter-film  pack  for  coded  image  recording.  Image 
resolution  is  B  pm.  (Farther  details  may  be  found 
in  ref.  (22)).  Fig.  11  illustrates  the  particle 
imaging  capability  of  ZPCI.  As  mentioned  above, 
coded  imaging  techniques  are  broadly  achromatic 
working  well  for  particle  as  well  as  photon  emissions. 
In  the  experiment  illustrated,  the  3.5  Mev  alpha 
particle  emission  from  the  thermonuclear  burn  region 
of  a  laser  imploded,  D-T  filled  microsphere  was 
iir^ged  with  3  pm  resolution.  The  coded  alpha  image 
was  recorded  in  a  thin  cellulose  nitrate  film,  a 
threshold-type  ion  track  detector,  which  served  to 
record  the  alpha  particle  data  while  discriminating 
against  background  radiations  of  x-rays,  electrons, 
and  protons.  (Additional  discussion  may  be  found  in 
ref  (23)). 

As  emphasized  earlier,  the  important 
contributions  of  coded  imaging  techniques  to  the 
microscopy  of  laboratory  plasmas  have  been  made 
possible  by  recent  advances  in  microfabrication 
technology,  which  have  allowed  the  production  of 
coded  apertures  with  characteristics  appropriate  to 


Fig.  9:  Suprathermal  x-ray  emission  (17-30  keV) 
from  a  laser  fusion  target  imaged  using  the 
two-step  ZPCI  technique. 


emerging  coded  imaging  challenges.  Strong 
motivations  exist  within  a  number  of  disciplines  for 
extending  ZPCI  capabilities  to  higher  energy  x-rays 
100  keV)  and  more  penetrating  charged 
particles^^  (e.g.  15  Mev  protons)  with  little 

or  no  loss  in  resolution  capability.  The  prospect 
for  such  an  extension  depends  almost  exclusively  on 
the  development  of  techniques  for  the  fabrication  of 
high  aspect-ratio  (height/line  width),  gold,  coded 
apertures  50-200  pm  thick.  Significant  progress  in 
this  area  has  recently  been  made  using  a  combination 
of  UV  lithography  and  reactive  ion  etch  techniques  to 
produce  thick  zone  plate  patterns  in  polymer 
films^^.  The  polymer  patterns  are  subsequently 
used  as  electroplating  molds  to  produce 
free-standing,  thick,  gold  zone  plate  apertures. 

Fig.  12  shows  a  SEM  micrograph  of  a  thick  zone  plate 
pattern  which  has  been  reactive  ion  etched  in  a  high 
purity  polymer.  The  zone  plate  pattern  shown  has 
Ar  =  15  pm,  diameter  'vlS  mm,  and  exceeds  100 
pm  in  thickness.  Fig.  13  shows  a  higher 
magnification  micrograph  of  a  thick  polymer  zone 
plate  mold.  In  this  case  Ar  -  5  pm,  pattern 
diameter  is  5  mm  and  polymer  thickness  is  50  pm. 
Figure  14  shows  a  high  magnification  micrograph  of  a 
65  pm  thick,  gold  zone  plate  coded  aperture  formed 
by  electroplating  within  an  etched  polymer  mold  such 
as  shown  in  Fig.  12.  The  gold  zone  plate  diameter  is 
15  mm  with  Ar  *  15  pm. 

Another  area  of  strong  interest  for  further 
development  of  coded  imaging  capabilities  is  in 
narrowband  imaging  of  specific  line  emissions  from 
broadband  laboratory  x-ray  sources.  Such  a 
capability  could  be  achieved  using  a  coded  aperture 
comprised  of  matched  filter  pair  materials^^  as 
illustrated  in  Fig.  15.  In  such  a  coded  aperture, 
alternate  zones  are  made  of  materials  having 
absorption  edges  of  similar  energies  (e.g. 

A1  Kab  »  1-56  keV  and  Si  Kgb  *  1-84  keV).27 
Material  thicknesses  are  chosen  such  that  adjacent 
zones  have  equal  x-ray  transmission  except  in  the 
narrowband  between  the  absorption  edges.  Under  such 
conditions  a  broadband  x-ray  source  will  cast  a  high 
contrast  shadow  only  at  x-ray  energies  within  the 
narrowband  between  the  absorption  edges  of  the 
matched  filter  pair  materials.  The  achievement  of  a 
versatile,  narrowband,  coded  imaging  capability  will 
depend  on  advances  in  microfabrication  technology, 
which  will  make  possible  the  production  of 
microstructures  with  accurately  controlled  thickness 
made  of  materials  chosen  for  their  x-ray  absorption 
properties . 

X-RAY  TRANSMISSION  GRATINGS 

An  x-ray  transmission  grating  is  a  linear 
periodic  array  of  alternately  transparent  and  opaque 
lines  with  sub-micron  spatial  period.  In  practice  it 
is  typically  a  linear  grid  of  wires  or  bars  of  high  Z 
material.  As  a  result  of  its  simple  geometry,  the 
transmission  grating  is  an  attractive  dispersive 
element  for  x-ray  spectroscopy.  Fig.  16  compares  the 
dispi  sive  properties  of  the  transmission  grating 
with  that  of  more  commonly  used  reflective  dispersive 
elements.  All  the  structures  satisfy  a  similar  Bragg 
condition  relating  wavelength  and  period  to  the  angle 
of  diffraction.  Their  dispersive  behavior  differs, 
however,  in  that  reflective  components  require  the 
incident  x-rays  to  also  satisfy  a  reflection 
condition  equating  Che  angles  of  incidence  and 
reflection.  This  difference  is  made  clear  by  a 
simple  thought  experiment  in  which  a  plane,  parallel 
beam  of  polychromatic  x-rays  is  incident  on  a 
transmission  grating  and  on  a  crystal  at  a  specific 
angle.  Behind  the  transmission  grating  would  be 
displayed  the  entire  incident  spectrum  dispersed  in 
angle  according  to  the  Bragg  relation, 

mX 

Sine  -  (9) 

On  the  other  hand  the  '*specCrum"  of  the  crystal  %iould 
consist  of  the  single  wavelength  satisfying  the 
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Teflon  coated  microsphere  target  (145  X  5  +  17);  200  psec  pulse;  shot  (89072010) 


^Iso  —  Intensity  Contour  Maps-^ 
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^Intensity  profiles^ 

Fig.  10:  Mule ispectral  x-ray  images  of  a  laser 
imploded  microsphere  target  using  ZPCl. 


Fig.  11:  An  image  of  the  thermonucleat  burn 
region  of  a  laser  fusion  implosion.  ZPCI  was 
used  to  image  the  3.3  Nev  alpha  emission  from  the 
D-T  reactions.  Image  resolution  is  «  3  pm. 


rig-  12:  Thick  zone  plate  pattern  (>  100  ym) 
etched  in  a  polymer  material  for  use  as  an 
electroplating  eiold 


crystal  Bragg  condition  for  the  angle  of 
inc  idence,^® 

The  dispersive  simplicity  of  transmission 
gratings  account  for  their  great  strengths  and 
limitations  in  spectroscopic  applications.  The  fact 
that  the  TC  accepts  radiation  at  all  angles  of 
incidence  makes  it  a  powerfully  versatile  dispersive 
element.  It  requires  no  detailed  angular  alignment 
in  its  operation,  and  can,  therefore,  be  easily 
coupled  to  instruments  of  high  temporal  or  spatial 
resolution*  In  addition,  its  spectral  range  is 
large,  limited  only  by  the  transmission  properties  of 
the  grating  itself.  Its  long  wavelength  limit  is  set 
by  the  grating  cut-off  period  (X  »  d),  and  its 
short  wavelength  limit  is  set  by  the  transparency  of 
the  grating  wires  at  high  x-ray  energy.  The 
trade-off  for  the  advantage  of  versatility  and  large 
spectral  range  comes  in  the  moderate  spectral 
resolution  of  the  TG.  Its  spectral  resolution  is 
limited  in  most  applications  by  the  degree  of 
collimation  of  the  incident  radiation.  However,  this 
limitation  can  in  many  applications  be  used  to 
advantage.  It  allows  a  direct  trade-off  between 
spectral  resolution  and  collection  solid  angle  (i.e. 
degree  of  collimation).  In  applications  requiring 
moderage  spectral  resolution  the  transmission  grating 
spectrometer  provides  the  capability  for  efficient 
radiation  collection  and  therefore  high  sensitivity. 

Fig.  17  illustrates  a  simple,  generalized  design  of 
an  x-ray  transmission  grating  spectrometer  viewing  a 
laboratory  source  of  limited  spatial  extent.?^  The 
simple  TG  geometry  allows  for  a  great  deal  of  diversity 
in  the  implementation  of  this  simple  spectrometer 
concept.  The  input  aperture  could  be  as  simple  as  the 
one  dimensional  slit  shown,  or  it  could  be  generalised 
to  a  large  solid  angle  collimation  or  imaging  optic 
without  significantly  adding  to  the  difficulty  of 
implementation.  The  detector  could  as  easily  be  x-ray 
film  as  the  window  of  an  x-ray  framing  tube  or  the  slit 
of  an  x-ray  streak  camera  for  time  resolved  x-ray 
spectra. 

The  spectroscopic  properties  and  potential  of 
transmission  gratings  have  been  kno%m  for  well  over  a 
century.  Yet  they  had  not  been  applied  to  the  x-ray 
diagnosis  of  high  temprature  laboratory  plasmas. 


Fig.  13:  High  aspect  rati 
etched  in  polyimide. 


Fig.  14:  Thick  gold  zone 
for  high  energy  x-ray  imai 


Zone  plate  pattern  parameters: 
Material:  Polyimide 
Aspect  ratio:  10:1 
Height:  50  /Ltm 
Minimum  line  width:  5  fim 


zone  plate  pattern 


Zone  plate  parameters: 

Thickness:  65  nm 
Number  of  zones:  250 
Min.  zone  width:  15)Ltm 
Material:  Electroplated  gold 


ate  coded  aperture 
g  applications. 


because  of  the  difficulties  incurred  in  fabricating 
grating  structures  appropriate  to  such  applications. 
Such  gratings  require  linewidths  approaching  1000  A 
for  sufficient  dispersion, material  thickness 
>  0.5  urn  gold  for  use  at  energies  above  the  soft 
x-ray  regime^^,  and  pattern,  as  well  as  period, 
fidelity  to  better  than  O.IZ.  Recently,  Hawryluk,  et 
al.^2  fabricated  x-ray  transmission  gratings  meeting 


these  demanding  specifications.  The  grating  pattern 
was  generated  using  '^holographic  lithography"  at  the 
3250  A  wavelength  of  a  He-Cd  laser.  The  resulting 
pattern  was  used  as  a  mask  for  x-ray  lithographic 
replication  in  "thick"  x-ray  resist  (PMMA).  The  resist 
pattern  then  served  as  an  electroplating  mold  for  the 
production  of  the  final  gold  grating.  SEM  micrographs 
of  such  a  grating,  supported  on  a  thin  (0.5  gm) 
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Fig*  13:  Matched  filter  pair  coded  aperture 
proposed  for  narrowband  imaging  of  a  broadband 
x-ray  source. 


Transmission  grating 


Natural  crystal  or  multilayar  mirror 


d  =  period 

m  *  diffraction  order 
0  •  measured  rel.  to  incident  beam 


Fig.  16:  Comparison  of  dispersive  properties  of 
a  TG  with  reflective  diffraction  elements. 
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Cherecterirtici: 

e  Spectral  resolution:  limited  by  source  size  and  collimation 


e  Spectral  range:  limited  by  transparency  of  grating  material 
at  high  energy,  (e.g.)  RX  (2'3000)  A 

•  Sensitivity:  direct  trade-off  between  dn  and  <^X 

Fig.  17:  A  simple  transmission  grating 
spectrometer. 


polyimide  membrane,  are  shoem  in  Pig*  18.  Particularly 
noteworthy  is  the  high  aspect-ratio  of  the  grating 
lines.  They  are  1300  A  wide  and  6300  A  high.  In 
addition  to  polyimide  membrane  supported  gratings,  free 
standing  grating  structures  supported  by  a  coarse  grid 
(6  pm  period)  orthogonal  to  the  grating  lines  have 
also  been  fabricated. 

The  x-ray  transmission  gratings  fabricated  by 
Hawvyluk,  et  al.  are  being  used  for  the  spectroscopy  of 
high  temperature,  laser  produced  plasmas. They 
provide  that  research  discipline  with  a  new  and 
powerful  spectroscopic  capability,  offering  insight  to 
key  issues  of  radiation  production  and  transport,  as 
well  as  energy  transfer  and  drive  in  laser  fusion 
experiments.  Fig.  19  shows  continuous  x-ray  spectra 
recorded  over  a  broad  spectral  range  (^0.1  -  3  keV) 
from  two  different  laser-illuminated  disk  targets,  one 
of  gold  and  another  of  titanium.  The  spectra  shown  are 
time  integrated,  and  were  recorded  using  the  simple 
spectrometer  arrangement  of  Fig.  17.  The  detector  was 
x-ray  film,  and  the  aperture  was  a 
100  pm  wide  slit  providing  a  spectral  resolution  of 
AX  •  1  A.  The  grating  was  freestanding  without  a 
polyimide  support  membrane.  The  C  features  in 

ab 

the  spectra  are  due  to  the  polymer  overcoat  on  the 
x-ray  film  used.  Note  also  the  He-like  Tig  line 
features  around  4.7  keV. 

A  freestanding  x~ray  transmission  grating  has 
been  coupled  to  a  soft  x-ray  streak  camera, 
successfully  recording  the  first  time  resolved 
( %  20  psec  resolution),  continuous  x-ray  spectrum 
(from  0.1  -  1.3  keV)  from  a  laser  produced 
plasma-’'’.  A  schematic  representation  of  the 
experimental  arrangement  along  with  the  data-record 
from  a  gold  disk  target  are  shown  in  Fig.  20.  In 
these  time  resolved  experiments  spectral  resolution 
was  again  collimation  limited  to  AX  ■  1-2  A 
allowing  the  observation  of  spectral  detail  hitherto 
unavailable  in  a  time  resolved  mode. 

The  ease  with  which  x-ray  transmission  gratings 
can  be  coupled  to  high  resolution  streaking  (or 
spatially  imaging  )  cameras  is  a  great  strength  of 
these  devices.  It  leads  to  instruments  of  powerful 
spectroscopic  capabilities.  This  point  can  be 
illustrated  using  the  streak  camera  data  of  Fig.  20. 
The  total  information  recording  capability  (i.e. 
number  of  distinct  resolution  elements)  of  that 
two-dimensional  data  record  may  be  estimated  by 
dividing  the  duration  of  the  x-ray  emission 
('^.  2.3  nsec)  by  the  temporal  resolution 
(%  20  psec),  and  multiplying  that  quantity  by  the 
quotient  of  the  full  spectral  range  124  A) 
with  the  spectral  resolution  (AX  >2  A).  The 
number  of  resolution  elements  in  the  data  record 
('v  7.73  X  10^)  represents  an  information  capacity 
one  to  two  orders  of  magnitude  greater  than  any 
competing  t ime-resolved  spectrometer. 

In  addition  to  the  above  applications,  an  x-ray 
transmission  grating  has  been  coupled  to  a  22x, 
Wolter-design,  grazing  incidence  reflection  x-ray 


Fig.  18:  X-ray  transmission  gratings. 
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Fig.  19:  Time  integrated  x-ray  spectra  from 
laser  produced  plasmas  recorded  by  a  transmission 
gracing  spectrometer. 


A  tree  uanding  x-rav  trMMmUvon  srattns  n  coupled  with  a 
soft  a-rav  streak  camera  to  provide  time  resolved  ( ^20  pseci 
continuous  x-ray  spectra  over  a  broad  spectral  range  I0.1-1.S  keVt. 


Fig.  20:  A  time  resolved  transmission  grating 
spectrometer. 


microsope  to  produce  a  high  resolution  imaging 
spectrometer  for  laboratory  x-ray  sources^^.  This 
instrument  is  similar  in  concept  to  imaging 
spectrometers  used  in  x-ray  ascronomy^^,  but  has 
superior  spatial  and  spectral  resolution  (due  Co 
higher  quality  mirror  surfaces),  and  greater  spectral 
range  (due  Co  thicker  gold  gratings).  Fig.  21 
illustrates  Che  experimental  set-up  for  testing  Che 
spatial  and  spectral  resolution  of  the  imaging 
spectrometer.  A  test  pattern  mask  was  backlit  with 
the  Ma  (1.75  keV),  Mg  (1.835  keV),  and  M^ 

(2.035  keV)  line  emission  from  a  tungsten  anode.  The 
transmitted  x-ray  pattern  was  imaged  by  Che 
microscope  and  dispersed  by  the  gracing.  The 
resulting  spatially  resolved  x-ray  spectra  are  shown 
in  Figs.  21,  22,  In  Che  test  set-up  used  Che  x-ray 
gracing  intercepted  only  a  20o  segment  of  the  total 
annular  ring  of  reflected  x-rays  emerging  from  the 
rear  of  the  microscope.  The  remaining  3W°  segment 
of  the  annular  ring  was  blocked.  As  is  well  known, 
surface  scattering  effects  from  a  microscope  mirror 
segment  are  anisotropic.^^  Significantly  greater 


image  blurring  occurs  in  the  plane  of  incidence  than 
normal  to  it.  As  a  result  Che  spectral  and  spatial 
resolution  characteristics  of  the  spectrometer  vary 
depending  on  the  relative  orientation  of  the  gracing 
lines,  and  the  plane  of  incidence  at  Che  mirror 
surfaces.  This  is  illustrated  in  Fig.  22  using 
spatially  resolved  spectra  from  three  different 
grating  orientations.  The  best  spatial  resolution 
(nominally  1  pm)  was  achieved  with  the  grating 
lines  normal  to  the  plane  of  incidence.  Under  that 
condition  a  "point"  x-ray  source  (■>.  0.5  pm 
diameter)  was  imaged  as  a  line  roughly  1  pm  x  . 

10  pm  FWHM.  The  best  spectral  resolution  was 
achieved  with  the  grating 

lines  parallel  Co  the  plane  of  incidence.  Under  that 
condition  a  spectral  resolution,  iX  e  .03  A,  was 
measured,  limited  strictly  by  source  size.^v 
resulting  spectral  resolving  power,  i/dX  •  200, 
is  the  highest  ever  achieved  with  this  type 
instrument. 

The  preceding  paragraphs  serve  as  a  dramatic 
example  of  how  advances  in  microfabrication 
technology  can  provide  new  x-ray  optical  capabilities 
which  make  significant  contributions  to  seemingly 
unrelated  areas  of  research.  Yet  the  applications  of 
x-ray  transmission  gratings  have  hardly  been 
exhausted,  nor  has  Che  need  for  technological 
advances  in  grating  fabrication  been  diminished. 
Initial  testing  has  begun  on  a  coded  imaging 
spectrometer  which  couples  an  x-ray 
transmission  grating  with  a  coded  aperture  to  produce 
spectrally  dispersed  coded  images.  These  can 
subsequently  be  optically  reconstructed  into  a 
spatially  resolved  x-ray  spectrum  as  shown  in  Fig. 

23.  The  spectral  resolving  power  of  this  instrument 
(as  well  as  the  others  described)  improves  linearly 
with  grating  dispersion. 
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In  this  expression  S  is  the  source  size,  L  the  source 
to  grating  distance,  and  de/dX  the  angular 
dispersion  of  the  grating.  There  are,  therefore, 
important  gains  to  be  had  with  x-ray  transmission 
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The  microscope,  transmission  grating  combination  provides  spectrally  separated,  two-dimensional 
images  of  a  micron-scale  test  pattern  source  emitting  at  the  Tungsten  (1.775  keV), 

(1.835  keV),  and  (2.035  keV)  lines.  Spectrally  resolved 

images 
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Measured  capabilities: 

e  Best  spectral  resolution  (source  size  limited) 


e  Best  spatial  resolution  =^1-1.5 /im 
e  Dispersion  -^  =  1.96  mm/A 


D.C. 


Kig.  21;  A  high  resolution  imaging  spectrometer 
using  an  x-ray  transmission  grating. 
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Fig.  22:  Spatially  resolved  x-ray  spectra 
recorded  at  three  different  relative  orientations 
between  the  grating  lines  and  x-ray  plane  of 
incid ence. 
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A  eod«d  ap«rtur«  ttrttnq  m  th«  antnmct  ilit  of  •  tranwniision  orating 
ipactromtttr  yttkit  •pactrally  diipartod  codtd  imagM,  which  may  ba 
racomtructad  into  a  spatially  rasolvad  x-ray  ipactrum. 
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Fig.  23:  Coded  imaging  spectrometer  concept* 

gratings  of  even  smaller  period  (therefore  larger 
d8/dX).  Hawryluk,  et  al.^^  have  already  made 
significant  progress  in  grating  period  reduction* 
X-ray  grating  patterns  with  1000  A  period  have  been 
produced  using  spatial  period  division  techniques* 

As  with  Fresnel  structures,  the  efficiency  of 
linear  gratings  may  be  significantly  improved  by 
employing  phase  modulation  effects.  The  fabrication 
of  phase  gratings  and  transmission  blazed  phase 
gratings  for  use  as  easily  aligned,  high  efficiency, 
coherent  x-ray  beam  splitters  and  beam  steering 
devices  could  revitalize  the  fields  of  x-ray 
interferometry  and  x-ray  holography*  Such  an  advance 
would  virtually  rewrite  the  book  on  high  resolution 
analysis  of  structures* 

CONCLUSION 

The  preceding  sections  reviewed  selected  x-ray 
optical  components  which,  with  the  application  of 
appropriate  microfabrication  technology,  could 


p.-ovide  significant  advances  in  x-ray  optical 
capabilities.  These  capabilities  would  have  a  broad 
range  of  applications  in  many  diverse  research 
disciplines.  A  compact  restatement  of  this  concept 
is  provided  in  Table  III.  Listed  are  a  number  of 
goals  in  x-ray  optics,  along  with  associated 
challenges  in  microfabrication,  and  areas  of  research 
likely  to  benefit  from  the  achievement  of  these 
goals.  It  would  be  difficult  to  overestimate  the 
impact  of  the  attainment  of  the  x-ray  goals  listed. 
The  ability  to  observe  with  200  A  resolution,  in 
real-time,  the  behavior  of  live  biological  specimens 
could  dramatically  transform  the  field  of 
microbiology.  Similarly,  the  production  of  a  bright, 
1000  A  diameter  x-ray  probe  for  microanalysis  could 
provide  unprecedented  insight  to  the  microstructure 
of  surfaces.  So  too,  an  ability  to  manipulate  x-rays 
with  an  ease  and  efficiency  approaching  Chat  of 
optical  light  will  provide  a  new  beginning  for  x-ray 
interferometry  and  holography,  expanding 
significantly  the  capability  for  high  resolution 
analysis  of  x-ray  transparent  materials. 

In  addition  to  their  potential  for  significant 
impact  in  important  areas  of  research,  the  x-ray 
optical  goals  listed  above  have  another  important 
feature  in  common*  For  all  these  goals,  the  key  to 
their  practical  realization  lies  in  the  achievement 
of  appropriate  advances  in  microfabrication 
technology.  This  close  coupling  between  advances  in 
x-ray  optics  and  microstructure  fabrication  demands  a 
heightened  interest  in  this  rapidly  developing  field 
by  x-ray  scientists*  For  us  the  time  has  come  when 
advances  in  microfabrication  technology  are  simply 
too  important  to  be  left  solely  to  the  semicotwiuctor 
and  integrated  circuit  industries. 


X-Ray  Optics 
Goals 


Microfabrication 

Challenges 


Disciplines  Which 
Benefit 


High  resolution 
(5  200  A)  x-ray 

microscope 


FZP  (gold.  Ar  <  200  A,  N  =  100) 
FPP  (mat'l  variety,  precision 
thickness  control) 


Microbiological  research 
(real-time  imaging,  live 
specimens) 


X-ray  focus  FZP,  FPP  (Ar  <  1000  A 

(-1000  A  spot)  N  =  100) 


Scanning  microscopy 
surface  microanalysis 


High  energy  x-ray  Thick,  gold  coded  apertures  Plasma  physics 

imaging  (^100  keV)  (t  50-200  pm) 


Narrowband  coded  Coded  apertures  (matched  filter  Plasma  physics 
imaging  materials,  precision  thickness 

control) 


Coherent  beam 
steering  &  splitting 

Space-time  resolved 
x-ray  spectroscopy 


TG  (d  ^  1000  A);  phase  gratings 
(mat'l  variety,  precision 
thickness  control) 


X-ray  interferometry  & 
holography 

Plasma  physics 


Tabic  III:  X-ray  optica  goala  and  aaaociated 
nicrofabricacion  challenges. 
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ABSTRACT 

A  paper  was  presented  %dilch  reviewed  the  techniques  of  mlcrollthography ,  etching,  deposi¬ 
tion  and  plating  that  are  used  to  fabricate  diffractive  optical  elements  for  the  soft  x-ray 
region.  Here  a  brief  suamiary  and  a  guide  to  some  of  the  recent  literature,  which  contains 
details  of  fabrication  and  applications,  are  provided. 


SUMMARY  AND  A  LIMITED  GUIDE  TO  RECENT  LITERATURE 

Periodic  and  quasl-perlodic  structures,  composed 
of  alternating  transparent  and  opaque  regions,  such  as 
gratings  and  Fresnel  zone  plates,  are  extremely  useful 
In  the  soft  x-ray  domain  (1  O.A  -  100  nm)  as  diffrac¬ 
tive  optical  elements.  Techniques  for  fabricating  such 
diffractive  optical  elements  Include  holographic  lith¬ 
ography,  x-ray  lithography,  spatlal-perlod-dlvlslon  and 
scanning  electron  beam  lithography  for  exposing  pat¬ 
terns  In  resist,  and  electroplating  for  producing  Che 
final  structures.  References  1-14  present  some  recent 
progress  In  these  techniques,  as  well  as  applications. 
These  references  are  not  comprehensive  but  Instead 
emphasize  work  done  at  M.I.T.  and  M.I.T.  Lincoln  Lab¬ 
oratory.  Reference  (1)  describes  Che  fabrication  of 
I  gold  transmission  diffraction  gratings  of  0.2  and  0.3 

pm  spatial  period  at  thicknesses  up  to  0.6  pm,  (see 
Fig.  1),  Che  use  of  such  gratings  in  an  Imaging  spec¬ 
trometer,  and  recent  progress  In  spatlal-perlod- 
dlvlslon.  This  latter  technique  makes  use  of  near- 


— Ifim — ► 


Figure  1 

Scanning  electron  micrography  of  a  grating  of 
0.3  pn  spatial  period  in  gold  0.65  pm  thick  on  a  polyl- 
mlde  membrane  substrate.  Grating  was  cleaved  for  pur¬ 
poses  of  microscopy,  and  one  of  the  gold  lines  extends 
outward  from  the  cleaved  edge,  showing  the  nearly  rect¬ 
angular  profile.  Fabrication  Included  x-ray  litho¬ 
graphic  exposure  of  FMMA  and  gold  electroplating  (from 
Refs.  1,  4).  _ 

field  diffraction  from  a  parent  mask  of  spatial  period 
p  to  expose  higher  spatial  frequency  multiples  (i.e. 
p/2,  p/3,  p/4,  etc.)  In  resist  films  (2).  Figure  2 
Is  an  electron  micrograph  of  a  0.2  pm  spatial  period 
grating,  with  40  nm  wide  slits  In  gold  0.2  pm  thick, 
that  was  fabricated  for  use  in  x-ray  spatlal-perlod- 
dlvlslon  to  expose  gratings  of  99.5  nm  period  (1).  Using 
deep  UV  radiation  (X  s  200  nm) ,  the  technique  Is  some¬ 
what  more  convenient  than  conventional  holographic  tech¬ 
niques  (3).  With  x-radiatlon  It  may  be  possible  to  ex¬ 
pose  gratings  with  spatial  periods  of  a  few  tens  of 


nanometers  (2) .  Additional  details  on  the  Imaging  spec¬ 
trometer  work  are  given  In  Ref.  (4). 


Figure  2 

Scanning  electron  micrograph  ,  top  view,  of  a  0.2  pm 
spatial  period  grating  with  40  nm  wide  slits  In  gold 
20  nm  thick  (from  Ref.  1). 

Reference  (5)  covers  the  use  of  scanning  electron 
beam  lithography  and  gold  microplating  to  fabricate 
Frenel  zone  plates  in  1.3  pm  thick  gold  for  x-ray  Imag¬ 
ing.  References  6  and  7  describe  holographic  techniques 
for  exposing  aberration-corrected  zone  plate  patterns, 
as  well  as  Imaging  experiments  that  demonstrated  resolu¬ 
tion  less  than  100  nm. 

References  8-10  describe  the  fabrication  of  x-ray 
lithography  masks  of  gratings  by  oblique  shadowing  tech¬ 
niques,  and  the  replication  of  such  masks.  With  shadow¬ 
ing  techniques  (see  also  Ref.  11),  the  linewldth-to- 
period  ratio  of  gratings  can  be  precisely  controlled  (8). 
Llnewldths  as  narrow  as  2  nm  have  been  achieved  on  the 
mask  and  llnewldths  as  narrow  as  17.5  nm  have  been  rep¬ 
licated  In  PMMA  (9).  Figure  3  Is  a  scanning  electron 
micrograph  of  a  grating  exposed  In  PMMA  by  x-ray  litho¬ 
graphy  using  a  mask  fabricated  by  a  shadowing  technique 
that  provides  nearly  atomically  smooth  lines  In  the 
mask  (10) . 

Holographic  lithography  Is  widely  used  for  the 
exposure  of  low  distortion,  high  resolution  gratings. 
References  (12)  to  (14)  discuss  recent  work  on  hologra¬ 
phic  techniques. 

There  has  been  substantial  progress  In  the  last 
several  years  In  the  technology  for  fabricating  diffrac¬ 
tive  optical  elements  for  soft  x-ray  diagnostics,  parti¬ 
cularly  In  the  areas  of  pattern  fidelity,  absorber  thick¬ 
ness,  minimum  linewldth,  spatial  period,  and  llnewldth 
control.  With  continued  efforts  over  the  next  several 
years,  we  should  have  available  a  technology  for  fabri¬ 
cating  diffraction  gratings  and  zone  plates  In  thick 
absorber  materials  with  low  distortion  (<  10~5),  spatial 
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periods  less  Chan  100  nm  (i.e.  >  10,000  llnes/mni)  and 
llnewldch  control  Co  'V'  10  nn. 


editors  C.H.  Chi,  E.G.  Loewen,  C.L.  O^Bryan,  San 
Diego,  California,  July  29  -  Aug,  1,  1980,  01981, 
Society  of  Photo-Optical  Instrumentation  Engineers. 

14.  N.N.  Efremow,  N.P.  Economou,  K,  Bezjian,  S.S.  Dana 
and  H.I.  Smith,  Proc«  Sixteenth  Symposium  on  Elec¬ 
tron,  Ion  and  Photon  Beam  Technology,  Dallas,  Texas 
May  26-29,  1981,  D.R,  Herriott,  editor.  Submitted 
for  publication  J.  Vac.  Sci.  Tech,,  Nov/Dec  1981. 


*The  M.I.T.  portion  of  this  trork  was  sponsored  by  the 
Joint  Services  Electronics  Program  and  the  Defense 
Advanced  Research  Projects  Agency. 


Figure  3 

Scanning  electron  micrograph  of  a  0.3  iim  spatial 
period  grating  pattern  exposed  In  PMMA  by  x-ray  litho¬ 
graphy.  The  llnewldth  Is  'v  40  nm.  The  extreme  smooth¬ 
ness  of  the  lines  was  achieved  by  first  fabricating  a 
square-wave-profile  grating  In  (110)  silicon  using  ani¬ 
sotropic  chemical  etching.  Caking  a  replica  of  this  crys¬ 
tallographic  template  Into  a  polylmlde  membrane,  and 
obliquely  shadowing  the  latter  to  form  a  high  contrast 
x-ray  mask.  Since  Che  sidewalls  of  Che  crystallograph¬ 
ic  template  are  nearly  atomically  smooth  (I.e.  'v  (111) 
planes)  the  replicated  lines  are  also  extremely  smooth 
(from  Ref.  (10)) . 
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ABSTRACT 


For  soft  X-ray  microscopy  the  wavelength  range  of  about  1-5  nm  is  best  suited.  The  main 
applications  of  X-ray  microscopy  are  in  the  field  of  biology.  The  reason  is  that  thick 
(I  -  10  urn)  biological  specimens  in  a  natural  state  can  be  investigated.  X-ray  microscopy 
requires  intense  X-ray  sources  as  well  as  high  resolution  X-ray  lenses.  Suited  X-ray  lenses 
are  Fresnel  zone  plates. 


I.  INTRODUCTION 

Several  research  groups  in  the  world 
develop  X-ray  microscopes,  mainly  for  biolog¬ 
ical  applications.  The  aim,  not  the  only  one, 
is  to  investigate  cells  and  cell  organelles 
in  a  natural  state  with  high  resolution. 

With  optical  microscopes  one  can  inves¬ 
tigate  life  cells  but  the  resolution  is  limit¬ 
ed  to  about  0,2  pm.  About  a  hundredfold  better 
resolution  can  be  obtained  using  the  electron 
microscope.  But  in  this  case  it  is  impossible 
to  investigate  life  or  even  wet  cells.  With 
soft  X-rays  in  the  wavelength  range  of  about 
2  nm  to  5  nm  it  is  possible  to  observe  wet 
cells  in  a  natural  state,  i.e.  unfixed  and  un¬ 
stained. 

Three  points  are  important  for  soft  X-ray 
microscopy:  the  contrast  mechanism,  that  means 
the  interaction  between  X-rays  and  matter, 
high  resolution  X-ray  optics  and  intense  X-ray 
sources . 


II.  CONTRAST  MECHANISM  IN  TRANSMISSION 
X-RAY  MICROSCOPY,  RADIATION  DAMAGE 

Both  X-rays  and  electrons  are  dangerous 
for  living  specimens.  Why  will  it  be  possible 
to  get  a  high  resolution  in  the  region  of 
0,01  pm  investigating  cells  in  their  natural 
state  using  soft  X-rays? 

To  observe  a  living  specimen  it  has  to 
stay  under  natural  conditions,  e.g.  in  a 
chamber  filled  with  air.  A  layer  of  air 
500  pm  thick  at  760  torr  has  a  transmission 
of  70  Z  for  4,5  nm  radiation,  whereas  elec¬ 
trons  cannot  transmit  such  a  layer. 

Living  cells  have  a  thickness  in  the 
region  of  one  to  several  microns.  Because 
electrons  cannot  transmit  such  relatively 
thick  layers,  biological  specimens  have  to 
be  dried  and  cut  into  thin  layers  for  high 
resolution  work  in  electron  microscopy.  For 
soft  X-rays  they  are  more  transparent  and 
specimens  even  some  microns  thick  transmit 
sufficient  radiation  to  be  investigated.  It 
is  of  special  interest  that  in  the  wavelength 
range  2,3  nm  <  1  <  4,4  nm  proteins,  lipids 
etc.  are  more  absorbing  than  water  so  that 
this  wavelength  range  is  especially  suited 
for  wet  cell  investigations. 

One  of  the  most  important  questions  in 
soft  X-ray  microscopy  concerns  radiation 
damage,  its  relation  to  the  attainable  resolu¬ 
tion  limit  and  a  comparison  with  radiation 
damage  in  electron  microscopy.  Theoretical 
(I)  as  well  as  first  experimental  (2)  in¬ 
vestigations  have  the  following  main  results. 
With  an  intermediate  resolution  it  will  be 
possible  to  observe  live  cells  whereas  the 
exact  number  depends  on  the  object,  the  wave¬ 
length  and  operation  mode  of  the  microscope. 

For  the  highest  possible  resolution  in 
the  region  of  0,01  pm  the  specimen  will  get 


a  letal  dosage  of  X-rays,  but  the  fine  struc¬ 
tures  of  the  cells  will  stay  intact.  So  one 
can  say  that  for  biological  research  X-ray 
microscopy  will  fill  a  gap  inbetween  optical 
and  electron  microscopy  and  will  so  supple¬ 
ment  these  classical  techniques. 

III.  X-RAY  OPTICS  -  ZONE  PLATES 

Zone  plates  are  a  special  case  of  dif¬ 
fraction  optics,  namely  circular  transmis¬ 
sion  gratings  with  radial  increasing  line 
density.  The  imaging  with  zone  plates  of 
zone  numbers  n  ^  100  obeys  the  same  laws  as 
the  imaging  with  thin  refractive  lenses  in 
the  visible  region. 

Besides  the  first  diffraction  order  a 
zone  plate  has  -  like  r  ther  gratings  -  a 
zero  order  and  higher  diffraction  orders.  The 
focal  length  can  in  good  approximation  be 
2  —  I  - 1 

written  as  f  -  r,  •  m  •  X  ,  where 
n  1 

m  •  +  I,  i  2,  ...  indicates  the  diffraction 
order.  The  effi’ciency  of  zone  plates,  i.e. 
the  diffracted  flux  in  a  certain  order  divid¬ 
ed  by  the  incoming  flux,  depens  on  the  land 
to  groove  ratio.  For  amplitude  zone  plates 
the  maximum  obtainable  values  are  approxi¬ 
mately  10  Z  in  the  first,  2.6  Z  in  the  second 
and  1.2  Z  in  the  third  diffracted  order. 

The  width  of  the  n-th  zone  is  approxi¬ 
mately  given  by 


dr 

n 


r 

n 

2n 


Xf 


2r 


According  to  the  Rayleigh  criterion  the  reso¬ 
lution  is  given  by 


6  w 


1.22  •  f 


2r 


dr 

n 

m 


Because  of  the  wavelength  dependence  of  the 
focal  length  zone  plates  have  to  be  used  with 
monochromatic  radiation 


X 

Al 


The  evaluation  of  aberrations  of  zone 
plates  is  the  same  as  that  of  thin  refractive 
lenses.  The  field  which  can  be  imaged  with 
full  resolution  is  determined  by  astigmatism 
and  coma.  For  further  details  compare  Rudolph 
et  al.  (3).  The  spherical  aberration  can  be 
corrected  for  a  given  X-ray  wavelength. 

Up  to  now  holographically  made  zone 
plates  have  been  used  for  X-ray  microscopic 
experiments.  Further  details  have  been  report 
ed  recently  ( 3 ,  4)  . 

The  zone  plates  up  to  now  used  have  the 
following  properties.  Condenser  zone  plate: 

4 

«  37  pm,  r  •  4,5  mm,  n  •  1,5  x  10  , 
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dr^  -  0,15  pm.  Micro  zone  plate:  tj  ■  6  pm, 

-  150  pm,  n  -  625,  dr^  -  0,12  pm. 

2one  plates  with  higher  resolution,  that 
means  with  a  smaller  width  of  the  outermost 
zones  are  under  construction.  Firstly,  fur¬ 
ther  improvements  of  the  holographic  tech¬ 
niques  used  so  far  will  result  in  zone  plates 
with  an  outermost  zone  width  of  0,06  pm. 
Secondly,  using  holographically  made  zone 
plates.  X-ray  interference  and  X-ray  litho¬ 
graphy  techniques,  even  finer  zone-plate 
structures  can  be  generated.  Thirdly,  an 
evaporation  method  is  under  development:  in 
this  method  alternate  layers  of  an  opaque  and 
an  as- t ransparen t-as-poss ib le  material  are 
sputtered  onto  a  rotating  cylinder  of  metal 
and  subsequently  cut  and  thinned  to  form  zone 
plates.  Fourthly,  zone  plates  can  be  made  by 
use  of  an  electron-beam  lithography  technique. 
By  one  or  more  of  these  methods  a  resolution 
of  about  10  nm  should  be  achievable  within 
the  next  time. 


Fig.  2:  Apodization  of  condenser  zone  plate 


IV.  X-RAY  MICROSCOPY  WITH  SYNCHROTRON 
RADIATION 

Soft  X-ray  microscopy  requires  strong 
X-ray  sources.  In  the  present  state  of  the 
art  the  synchrotron  radiation  of  electron 
storage  rings  is  best  suited  for  practical 
work. 


Fig.  I ;  Schematic  experimental  arrangement 
of  a  zone  plate  X-ray  microscope 

Figure  I  shows  the  schematic  experimen¬ 
tal  arrangement  of  a  zone  plate  microscope 
which  has  been  built  by  the  authors  of  the 
present  article.  The  polychromatic  synchro¬ 
tron  radiation  is  dispersed  by  a  grating  used 
in  grazing  incidence.  A  condenser  zone  plate 
generates  a  reduced  monochromatic  image  of 
the  synchrotron  source  in  the  object  plane. 

An  enlarged  image  of  the  object  is  generated 
by  a  micro  zone  plate.  The  enlarged  X-ray 
image  is  converted  to  a  visible  image  by  a 
channel  electron  multiplier  array  (CEMA)  with 
15  pm  channels  and  a  phosphor  screen.  The 
CEMA  is  used  for  prefocussing  and  adjusting 
the  object.  After  adjustment  the  CEMA  can  be 
replaced  automatically  by  a  camera  which  pho¬ 
tographs  the  real  X-ray  image  on  a  very  fine 
grained  film. 

The  grating  is  placed  in  a  vacuum  chamber 
made  of  refined  steel  which  is  separated  from 
the  synchrotron  beam  line  and  from  the  other 
parts  of  the  microscope  by  thin  organic  foils 


Fig.  3:  Diatoms  imaged  with  X-rays  at 

A  ”  4,4  nm.  X-ray  magnification  MO  x 

(d  »  0,5  vim)  and  is  pumped  separately  by  an 
ion  getter  pump  and  a  LN2  trap.  The  resulting 
high  vacuum,  free  of  oil,  prevents  carbon  con¬ 
tamination  on  the  grating.  Furthermore,  con¬ 
tamination  is  reduced  because  the  uv-radia- 
tion  of  the  synchrotron  is  mainly  absorbed  by 
the  window  between  beam  line  and  grating 
chamber.  For  tuning  the  wavelength  the  mount¬ 
ing  allows  to  tilt  the  grating  from  outside 
the  chamber.  The  zone  plates  and  camera 
chambers  are  made  of  aluminium  and  don't  need 
extremely  clean  vacuum.  They  are  pumped  by  a 
turbo  molecular  pump  coupled  to  the  chambers 
by  a  vitron-ring-membrane  to  prevent  vibra¬ 
tions  of  the  microscope.  The  condenser  zone 
plate  can  be  moved  along  the  optical  axis  to 
focus  the  synchrotron  source  onto  the  object 
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plane.  The  object  chamber  can  firstly  be  moved 
in  two  co-ordinates  perpendicular  to  the  op¬ 
tical  axis  (x,  y)  for  adjustment  of  the  object 
and  second  along  the  optical  axis  for  focus¬ 
ing.  The  micro  zone  plate  can  be  adjusted  in 
X,  y,  and  angle.  To  adjust  the  image  distance 
the  camera  can  be  moved  along  the  optical 
axis.  All  these  adjustments  can  be  done  from 
outside  during  the  experiment.  It  is  possible 
to  separate  the  vacuum  chamber  containing  the 
condenser  to  shorten  the  pumping  time  after 
changing  the  object  or  the  camera.  Zone  plates 
have  -  besides  the  first  diffraction  order, 
which  is  normally  used  for  imaging  -  a  zero 
order  and  higher  diffraction  orders.  To  avoid 
a  reduction  fo  contrast  in  the  image,  the  con¬ 
denser  zone  plate  has  to  be  apodized  as  shown 
in  Fig.  2.  The  apodized  region  of  the  conden¬ 
ser  zone  plate  ensures  that  in  the  image  plane 
a  region  1  exists  which  is  free  from  zero 
order  radiation  of  the  micro  zone  plate. 

After  first  X-ray  microscopy  experiments 
at  the  Deutsches  Elektronensynchrotron  DESY/ 
Hamburg  (5),  experiments  were  made  at  the 
electron  storage  ring  AGO,  Orsay  (2).  Besides 
resolution  tests  biological  objects  as  wet 
and  dried  mammalian  cells  have  been  investi¬ 
gated  (6),  using  the  wavelength  of  about 
4,4  nm.  As  an  example.  Fig.  3  shows  an  X-ray 
image  of  diatoms. 


The  X-ray  microscopy  project  is  generously 
supported  by  the  Stiftung  Vo  Ik swagenwe rk .  We 
are  grateful  to  L.U.R.E.  for  the  opportunity 
to  perform  X-ray  microscopy  experiments  at 
the  storage  ring  AGO. 

REFERENCES 

1.  D.  Sayre,  J.  Kirz,  R.  Feder,  D.H.  Kim,  and 
E.  Spiller,  Ultramicroscopy  337  (1977). 

2.  G.  Schmahl,  D.  Rudolph,  B.  Niemann,  and 
0.  Christ,  in  Ultrasoft  X-Ray  Microscopy: 
Its  Application  to  Biological  and  Physical 
Sciences ,  edited  by  D.F.  Parsons,  Annals 
of  the  New  York  Academy  of  Sciences,  Vol. 
342,  368  (1980). 

3.  D.  Rudolph  and  G.  Schmahl,  ibid.,  p.  94. 

4.  G.  Schmahl,  D.  Rudolph,  and  B.  Niemann, 
in  Scanned  Image  Microscopy,  edited  by 
E.A.  Ash,  Academic  Press,  London  1980, 

393. 

5.  B.  Niemann,  D.  Rudolph,  and  C.  Schmahl, 
Applied  Optics  J_5,  1883  (1976). 

6.  G.  Schmahl,  D.  Rudolph,  B.  Niemann,  and 
0.  Christ,  Quarterly  Review  of  Biophysics 
J^,  297  (1980). 


Dr.  Raymond  Blton  reviewed  progress  towards  the 
development  of  x-ray  lasing.  Or.  Blton's  paper  begins 
on  the  following  page. 


Section  VI  Coherence,  Interference  and  Future  Possibilities 
Overview  and  Advances  In  X-Ray  Laser  Research^ 

R.  C.  Elton 

Naval  Research  Laboratory,  Washington,  DC  20375 
ABSTRACT 

The  localized  diagnostics  of  high  density  pellet  plasmas  of  extremely  short  duration 
provides  a  primary  Incentive  for  the  development  of  x-ray  lasers  offering  penetrating  radiation 
In  a  collimated  probe  beam.  The  laser-produced  plasma  will  quite  likely  provide  the  best  lasant 
medium  for  such  a  source.  Coherence  will  enhance  the  usefulness  for  plasma  diagnostics. 

Progress  In  the  research  devoted  to  developing  such  x-ray  lasers  Is  described  here  as  pertain¬ 
ing  to  essentially  single-electron  Ions.  Following  a  brief  overview  of  current  activities  In 
this  area  of  research,  a  simple  analysis  Is  developed  which  Is  of  value  for  defining  a  useful 
parameter  regime.  Measured  gain  coefficients  for  C^  are  compared  to  an  analytical  model  for 
electron-capture  pumping  and  found  to  be  In  good  agreement.  Preliminary  data  on  aluminum 
appear  promising  for  shorter  wavelength  extrapolation.  Extension  of  the  Illustrative  analysis 
provides  directions  for  future  quantitative  measurements  leading  to  large  scale  gain  experiments. 

I.  INTRODUCTION  It  Is  Interesting  to  observe  that  what  may  prove 


The  diagnostics  of  plasmas  promises  to  be  one  of 
the  primary  applications  of  x-ray  lasers.  The  first 
x-ray  lasers  will  probably  offer  high  Intensity,  short 
pulse  length  and  colllmatlon  In  narrow  spectral  lines 
In  the  1-SO  nm  wavelength  range.  These  are  precisely 
the  characteristics  required  for  probing  high  density 
compressed  pellet  fusion  plasmas,  where  pm  spatial 
resolution,  ps  temporal  resolution  and  penetration  at 
supra-solld  densities  Is  required.  The  latter  Is 
Illustrated  In  Fig.  1  where  the  critical  electron  den¬ 
sities  N^  for  total  reflection  of  longer  wavelength 

radiation  are  shown,  as  given  by  Che  relation  N  = 

27  2  ^ 

10  /X  for  X  In  nm.  As  a  typical  specific  example  (1) 

linear  absorption  of  continuum  radiation  In  DT  occurs 
with  an  e-foldlng  distance  of  30  pm  at  an  electron 
density  of  10^6  cm”3  (-1  kg/cm3)  and  a  temperature  of 
kT  =  1  keV  at  a  wavelength  of  approximately  1  nm;  so 
Chat  x-ray  lasers  In  Che  1-50  nm  range  will  prove 
extremely  valuable  in  Che  development  of  such  super- 
dense  plasmas.  Interferometric,  schlleren  as  well  as 
shadowgraphlc  techniques  will  all  benefit  enormously  by 
Che  greatly  enhanced  emission  as  well  as  Che  small 
angular  divergence  promised  with  x-ray  lasers.  With 
coherence  could  also  come  Che  application  of  holographic 
techniques. 

Research  towards  advancing  lasing  to  the  x-ray 
spectral  regions  Is  In  a  rather  early  and  progressive 
state.  Figure  1  Is  Intended  to  deplclt  a  somewhat 
recent  overview  of  activities  In  Che  field,  abbreviated 
since  a  comprehensive  review  (2)  with  268  references 
published  In  1976  Is  generally  available  to  the  reader' 
seeking  more  detail.  This  review  has  been  supplemented 
on  several  occasions  with  emphases  on  research  (3-5) 
and  applications  (1,6).  In  addition,  various  useful 
literature  searches  and  compilations  are  available  (7) . 
The  references  here  are  limited  to  recent  articles  of 
more  general  guidance  (see  Fig.  1)  as  well  as  to  those 
necessary  to  support  specific  points  of  emphasis  (8-25). 

As  can  be  seen  In  Fig.  1,  present  research  activity 
towards  the  development  of  x-ray  lasers  Is  concentrated 
In  Che  10-100  nm  wavelength  region.  In  a  continuing 
effort  to  advance  laser  physics  to  shorter  wavelengths. 

A  major  step  has  been  the  so-called  "1000  A  (100  nm) 
barrier",  below  which  efficient  cavities  do  not  present¬ 
ly  exist  (dashed  In  Fig.  1)  and  sufficient  gain  must  be 
achieved  In  a  single  photon  pass  which  Is  referred  to 
as  amplified  spontaneous  emission  (ASE) .  Collimation  Is 
then  limited  to  geometrical  and  coherence  would  be 
obtained  probably  by  amplification  of  a  frequency  multi¬ 
plied  laser  operating  In  the  uv-lr  spectral  range.  In 
this  regard,  harmonics  up  to  the  28th  have  been  measured 
to  wavelengths  as  short  as  38  nm,  beginning  with  a  1  un 
Hd-glass  laser  (23). 


to  be  the  rnopt  valuable  probe  for  laser-produced  plasmas 
at  the  highest  densities,  namely  the  x-ray  laser,  will 
quite  likely  evolve  from  the  use  of  laser-produced  hlgh- 
Z  plasmas  as  lasants.  Most  activity  Is  presently 
directed  along  such  lines  since  the  stripping  of  hlgh-Z 
atoms  .provides  relatively  simple  atomic  structures  that 
can  be  used  at  short  wavelengths  analogously  to  present 
Ion  lasers  for  the  uv-visible  spectral  region,  through 
Isoelectronic  extrapolation.  Hydrogenlc,  hellum-llke 
and  lithlum-like  (1,2,  and  3  electron)  Ions  are  favorite 
candidates,  as  examples.  Also,  the  pump  power  density 
required  to  achieve  single-pass  gain  of  at  least  e^ 
at  short  wavelengths  becomes  very  high  and  can  best  be 
obt.slned  with  linearly-focused  laser  beams  onto  surfaces 
In  vacuum.  Significant  line  enhancement  along  the  axis 
compared  to  spontaneous  radial  emission  Is  typically 
sought  as  evidence  of  gain  (11,15,16).  Dual  plasma 
experiments  are  also  performed,  where  one  serves  as  a 
source  and  a  second  as  an  amplifying  medium  (17) . 
Marginal  gain  has  proven  difficult  to  verify  (16)  and 
large  gain  so  far  has  been  elusive.  What  has  been 
established  to  date  are  significant  degrees  of  popula¬ 
tion  Inversion  in  fluorescence  experiments  under 
optically  thin  conditions  at  densities  belcw  critical 
for  measureable  gain  (14,26). 

These  latter  statements  can  be  somewhat  quantified 
with  a  simple  but  sufficient  gain-scaling  analysis  which 
follows.  Following  this,  the  pumping  of  hydrogenlc  Ions 
by  capture  of  electrons  into  excited  states  is  analyzed 
and  discussed  as  a  specific  example  of  considerable 
current  interest. 

II .  ANALYSES 

The  following  simple  analyses  (5)  are  not  Intended 
to  replace  the  elegant  computer  programs  that  have  been 
developed  for  modeling  atomic  and  plasma  dynamic  pro¬ 
cesses  in  laser-produced  plasmas.  Rather,  the  Intent 
Is  to  use  a  few  basic  physical  principles  to  estimate 
the  gain  and  the  associated  plasma  parameters  for 
comparison  with  some  quantitative  data.  In  essence, 
the  end  justifies  the  means  In  that  reasonably  good 
agreement  Is  found,  so  that  the  physical  Intuition  pro¬ 
vided  from  the  basic  principles  Invoked  permits  both 
the  evaluation  of  current  experiments  and  the  formation 
of  some  projections  for  future  experiments  with  confi¬ 
dence,  hopefully  to  be  supported  by  extended  numerical 
computations. 

A.  GAIN  RELATIONS 
1.  General 

The  challei.,.--  of  achieving  gain  l/lj*«xp(GL)  over 
a  length  L  at  Increasing  photon  energy  derives  directly 
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Fig.  1.  Diagram  categorizing  various  operating  modes  and  pumping  processes  for  achieving  gain, 
as  well  as  for  harmonic  generation.  The  wavelength  regions  Indicated  are  somewhat  arbitrary. 
The  numbers  on  the  bars  refer  to  milestone  wavelengths  In  nm,  where  ()  Indicates  modeling, [] 
Indicates  population  Inversions  and  j  {  Indicates  emission  either  as  gain  or  harmonics.  The 
dashed  lines  Indicate  projections  Into  spectral  regions  of  less  certainty.  References  are 
Indicated  by  superscripts.  The  emphasis  here  and  In  the  text  Is  on  wavelengths  shorter  than 
100  nm;  molecular  hydrogen  Is  Included  for  historical  perspective. 


from  a  positive  gain  coefficient  G,  which  In  related 
to  the  cross  sections  for  Induced  emission  and 
resonance  absorption  and  the  upper  and  lower  state 
population  densities  N^,  by 


1.  r^c  Xf(g^/g^) 


(3) 


G 


nr  cf 

N  O.  N,0  ,  -  — 

u  Ind  1  abs  Av 


(1) 


where  r  Is  the  classical  electron  radius,  f  Is  the 
o 

absorption  oscillator  strength,  g^,  g^  are  the  upper 

and  lower  state  statistical  weights,  and  dv  Is  the  line 
width  In  frequency  units.  For  a  Doppler-broadened  line 
at  a  mean  thermal  velocity  v^,  AVjj/v*  v^/c,  or 


dv. 


where  the  radiating  particle  mass  and  temperature  are 
given  by  H  and  T,  respectively.  The  Doppler-galn 
coefficient  then  becomes  (with  v  -  c/X  and  a  factor  of 
^In  2  included  for  Gaussian  line  shapes) ; 


This  shows  an  explicit  linear  dependency  on  wavelength 
and  the  i aportance  of  the  upper  state  density  In 
achieving  significant  gain,  once  the  bracketed  factor 
becomes  positive  to  assure  a  population  Inversion, 
rather  than  resonance  absorption.  Implicit  here  however 
Is  the  wavelength  dependence  of  the  puaiplng  process, 
since  In  equilibrium 


N 


u 


N  P 
o 

A  ’ 


(4) 


where  P  Is  the  pumping  rate  out  of  an  Initial  Ion  state 
of  density  N  and  A  Is  the  total  depopulation  rate.  The 
population  density  Inversion  may  either  be  transient 
leading  to  self-terminating  lasing  (Fig.  1)  with  a 
characteristic  decay  time  ssA,  or  quasi-steady-state 
limited  only  by  the  interval  of  proper  plasma  conditions 
for  Inversion. 
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2.  Single-Electron  loos 


4 .  Charge  Transfer  Pumping 


The  above  Is  general.  By  next  specifying  that 
the  Ions  be  hydrogenlc,  l.e.,  stripped  of  all  but  one 
electron,  the  gain  analysis  continues  relatively 
straightforward,  because  of  the  simplicity  of  the  one- 
electron  structure.  Also,  potential  losses  associated 
with  processes  such  as  photolonlzatlon  and  auto- 
lonlzaMon  Involving  outer  electrons  are  folded. 

With  M«Z,  A  «  for  radiative  depopulation,  X  “  Z“^, 
and  T  «  T?-,  the  gain  coefficient  then  scales  as 

PN  Z~13/2^  80  that  a  strong  scaling  of  PN  with  Z  la 
o  o 

required  for  the  favorable  extrapolation  of  high  gain 
to  Increased  Z  and  shorter  wavelengths  along  the 
hydrogenlc  Isoelectronlc  sequence. 

The  hydrogenlc  results  presented  In  this  paper  are 
expected  to  follow  similarly  for  hellum-llke  Ions  and 
furthermore  for  llthlum-llke  Ions  with  one  electron 
beyond  the  closed  Is^  orbital. 

3.  Recombination  Pumping 

Pumping  of  Ionic  population  Inversions  Is  achieved 
the  most  naturally  In  plasmas  using  the  free  electrons 
available  In  quasi-neutrality.  The  caputure  of  free 
electrons  Into  high-lying  states  (colllslonal  recombi¬ 
nation)  followed  by  cascade,  and  the  colllslonal  exci¬ 
tation  or  Ionization  of  bound  electrons  Into  excited 
states  are  two  examples  (2) .  These  can  be  analyzed 
falrly-rellably  and  form  an  Inversion  basis,  which  then 
can  be  augmented  by,  for  examples,  charge  transfer  of 
bound  electrons  from  neutral  atoms  (14,26)  and  photon 
(flashlamp)  pumping  (27),  when  such  pump  energy  and  the 
proper  resonant  matches  are  available  for  efficient 
pumping.  We  will  continue  here  with  the  analysis 
based  upon  recombination  onto  fully-stripped  Ions, 
which  has  been  extensively  analyzed  since  Its  first 
suggestion  (28)  In  1965.  In  such  a  quasl-neutral 
fully-lonlzed  plasma,  the  free  electrons  are  abundant 
In  proportion  n  i  *  Z  and  a  quasl-cw  Inversion  Is 

obtained  between  excited  states  la  a  cascade  when  the 
lower  states  are  depopulated  to  the  ground  state  more 
rapidly  than  are  the  upper  states.  The  desired 
recombination  rate  product  n  .P  may  be  approximated 
by  (29)  ° 


N  P 


o  r 


where  the  Rydberg,  Ify-13.S6  eV,  represents  the  hydrogen 
Ionization  potential,  «  tP  (see  below)  Is  the  free 

electron  density,  and  n'  Is  the  so-called  collision- 
limit  quantum  number  (29,30),  l.e.,  the  energy  level  at 
which  electron  colllslonal  excitation  from  that  level 
equals  the  radiative  decay  to  lower  levels.  Notice  the 
Increased  pumping  at  reduced  electron  temperatures. 
Indicated  here  by  the  T~^  dependence.  From  Eq.  (S), 

assuming  *  Z  ,  the  scalings  with  Z  become: 


N  P  «  Z^*  (6) 

o  r 

and 

-  Z^-^,  (7) 


which  are  very  favorable,  providing  all  other  conditions 
scale  within  reason  for  experiments.  Actual  values  for 
this  gain  will  be  given  later. 


Closely  akin  to  free-electron  capture  Is  bound- 
electron  capture  or  charge  transfer  of  an  electron 
from  a  (neutral)  atom  to  a  stripped  ion,  resulting  In 
preferential  population  of  a  specific  excited  level(s) 
In  a  hydrogenlc  ion.  The  cross  section  for  the 
resonance  charge  transfer  (ret)  process  Is  approximated 

by 

a  a  na^  Z^  (8) 

ret  o 

2 

(vdiere  the  Z  scaling  Is  probably  optimal),  and  a  rate 
of 


P 


ret 


N.<ov>  a  N.tt  Z^v. 

A  A  o 


(9) 


Here  N.  is  the  neutral  density,  and  a  is  the  Bohr 
A  o 

radius.  In  vacuum  a  carbon  plasma  at  T^^200  eV 

expands  at  a  speed  of  ^10^  cm/ sec  which  scales 
approximately  as  (T^/M)l/2,  Therefore 

2  2  1  ( -1 

Vrct==  “o\  >  I205  •  ij 

which  scales  with  Z  as 

N  P  -  (11) 

o  ret 

so  that 

G,,,  “  Z®,  (12) 

ret _ 


assuming  that  the  neutral  atoms  are  created  by  direct 
sputtering  by  the  Ions,  l.e.,  N^^  «  N^/Z  •  Z^  also. 

Thus,  the  scaling  is  similar  to  that  for  capture  of 
free  electrons  by  the  Ions. 

B.  COLLISION  LIMIT  ON  INVERSION 

Population  Inversions  formed  by  cascade  can  only 
be  expected  to  exist  for  electron  densities  low  enough 
that  colllslonal  depopulation  from  the  upper  to  the 
lower  laser  levels  does  not  dominate  over  radiative 
decay.  This  upper  limit  on  electron  density  In  the 
plasma  Is  found  by  equating  the  electron-colllsional 
dc-xcltation  rate  (29)  to  the  corresponding  radiative- 
transition  probability.  The  Z-scallng  for  the  equation 
is  Ng/Z^  and  T^/Z^Ry,  where  Z^Ry  is  the  hydrogenic-lon 

ionization  potential.  Such  limiting  lines  are  plotted 
Initially  In  Fig.  2  for  four  possible  laser  transitions: 
3-2,  4-2,  4-3,  and  5-3.  Above  each  of  these  lines 
population  inversion  becomes  zero  or  negative 
(absorption),  and  also  Stark  broadening  enters  which 
would  further  reduce  the  gain-  Such  density- limiting 
lines  are  reproduced  In  the  other  figures  as  well. 

In  Fig.  3  values  of  n'  calcqlated  for  high  n-t-l 
to  n  transitions  are  Indicated  on  the  right  ordinate 
for  comparison.  It  appears  that  n'  a  (2n+l)/2  might  be 
a  reasonably  consistent  approximation  at  high  tempera¬ 
ture  (T  /z2Ry;jP.5),  but  cannot  be  used  directly  for  low- 
lying  levels  and  at  low  temperatures  since  the  n' 
formulation  (29,30)  is  based  on  colllslonal  excitation 
which  Includes  an  exponential  low  energy  cutoff.  It  is 
Instead  colllslonal  deexcltatlon  (29)  that  limits  the 
inversion,  for  which  a  new  collision-limiting 
q'jantum  number  n"  =  n'  (gj/Sy)  (AE/kT)  Is  defined 
and  finally  becomes 


Fig,  2.  Parameter  space  for  achieving  population 
inversions  on  several  transitions.  Laser  flux 
U  and  ionization  thresholds  for  carbon,  oxygen 
and  aluminum  ions  are  indicated.  Typical 
partial  trajectories  for  carbon  plasmas  are 
indicated  using  data  from  NRL  (NR) ,  Culhan  (CU) 
and  Unlv.  of  Hull  (UH) ,  including  distances 
from  target  [  3  ^  ’"B'  Aluminum  studied  at 
Univ.  of  Rochester  (UR)  is  also  indicated. 
Opacity-limited  diameters  are  indicated  by 
0  in  ims. 


Also  note  that  wavelengths  as  short  as  1  nm  can  be 
pumped  with  laser- fusion-size  focused  Nd-glass  lasers, 
for  example. 


Table  1 .  Pump  Power  Densities  for  G>5  cm 


A  -  0.1  1  10  100  nm 

Log  „W  •  19  15  11  7  I  Watts/cm^  Plasma 

**  (  Watt/cm^  Source  * 


*For  100  pm  depth,  IZ  coupling,  laser-produced  plasma. 


Limited  pumping  power  therefore  necessitates  small 
volumes  including  short  lengths  L,  so  that  maximum  gain 
products  GL  are  achieved  at  the  highest  density 
possible.  In  other  words,  a  reduced  gain  coefficient 
G  at  lower  density  cannot  be  compensated  by  a  longer 
length  L  without  increased  pump  power.  This,  plus 
the  need  for  high  plasma  temperatures,  is  the  reason 
that  most  x-ray  laser  research  is  performed  on  small 
plasmas  created  by  focused  high  power  (laser)  beams, 
as  mentioned  in  Section  I  above. 

D.  RADIATION  TRAPPING 


Along  with  high  density  comes  resonance  trapping, 
particularly  for  the  2-1  Lyman-o  transition.  This 
trapping  of  resonance  radiation  can  preferentially 
increase  the  lower  state  density  and  deplete  the 
population  inversion  according  to  Eqs.  (1)  and  (3). 

In  the  simplest  case. 


Vi  "^1*^^^  A"  /  ’ 


(14) 


where  g(T)  is  the  so-called  escape  factor  (27,32), 
which  is  a  function  of  the  optical  depth  t  given  by  (29) 
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This  will  be  recognized  as  the  expression  n'  without  the 
exponential  factor.  The  statistical  weight  ratio  serves 
to  counteract  Che  high  quantum  state  approximation  in  n* 
so  that  n"  here  is  appropriate  for  potential  low-lying 
laser  transitions.  This  resendiles  the  "thermal  line" 
of  Wilson  (31)  which  Included  deexcltaclon  with  the 
exponential  factors  removed,  but  for  a  different  reason, 
namely  in  the  hlgh-n  and  hlgh-T  limits.  The  n*  (or  n") 
approximation  rezialns  a  first-order  approximation  to 
the  collision  limit  on  inversion,  at  best. 

C.  PUMP  POWER  REQUIREMENTS 

There  is  a  practical  reason  for  desiring  to  operate 
near  the  collision  limits  shown  in  the  figures.  The 
gain  depends  directly  on  the  upper  state  density  N^ 

as  shown  in  Eq.  (3) ,  as  does  the  plasma  pump  power 
density  W  i  N  Ahv  which  is  required  to  overcome  losses. 

A  large  value  of  W^  is  also  required  to  obtain  sufficient 

plasma  temperature  to  achieve  complete  ionization  (Fig. 

2,  discussed  below).  For  05  cm~^  and  a  3-2  transition, 
Wp  at  various  wavelengths  A  is  given  (2)  in  Table  1, 

using  N  from  Eq.  (3).  Note  that  for  at  A  -  18.2 
u  2 

nm  a  plasma  power  density  of  30  GW/cffl  is  required. 


for  a  lasant  depth  D,  a  hydrogenic  ground  state  density 
N  (  or  N^^'l)'*')  an  atomic  mass  number  p,  and  with  fcT 
in  eV.  For  a  3-2  transition  the  ratio  in  Eq.  (14) 
reaches  unity  for  t^3,  which  determines  the  maximum 
permissable  value  of  the  product  N^D,  Obviously  if 

complete  stripping  is  maintained,  N^^  will  remain 

negligibly  small;  but  that  is  unllhely  as  the  tempera¬ 
ture  is  lowered  for  increased  pumping.  With  plasma 
quasi-neutrality  it  is  more  likely  (33,34)  that 
^1  ^  maximum  plasma  diameter  determined  at 

the  maximum  electron  density  allowed  by  colllslonal 
equilibrium  in  Fig.  2  then  scales  as  Z~9/2  for  all 
temperatures,  and  values  are  indicated  in  parentheses 
in  Fig.  2  at  the  collision  boundary.  Recall  once 
again  that  this  is  actually  a  ND  limit  and  therefore 

D  will  scale  upward  as  N./Z^  is  decreased, 
max  e 

E.  PHOTON-ASSIST  PUMPING 

It  is  obvious  that  the  most  severe  limitations 
are  placed  on  the  n*2  transitions,  again  due  to  the 
strong  2-1  Lyman-a  resonance  line.  Photon-assist 
pumping  of  n>2  electrons  into  specific  hlgher-n  states 
without  perturbing  the  upper  state  populations  would 
appear  to  alleviate  this  lower  state  saturation 
considerably  (27).  For  example,  Lyman-a  radiation  from 
a  Z/2  ion  would  match  a  2-4  excitation  in  ion  Z  and 
likewise  Z/3-lon  Lyman-a  emission  would  match  a  2-6 
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transition  in  ion  Z.  Intuitively,  the  lower  transi¬ 
tion  rates  at  lower  Z  indicate  the  need  for  higher 
densities  and  temperatures  in  the  pump  source,  so  that 
the  pump  and  the  lasant  plasmas  could  not  be  congruent, 
and  the  emitter/absorber  coupling  becomes  a  crucial 
factor. 

At  the  blackbody  limit,  the  pump  rate  P(2-4) 
compared  to  the  depopulation  rate  A(2-l)  is  given 
by'  (8) 


and  must  exceed  unity  for  significance.  This  reduces 
to  hv/kT  <  0.04  where  hv(4-2)  a  Z^Ry/5,  so  that 
kT  >  SZ^  Ry  »  70Z^  is  required.  Unfortunately,  at 
such  a  temperature  there  would  not  be  a  significant 
density  of  hydrogenlc  ions  as  pump  sources.  Hlgher- 
Z  ions  with  coincident  wavelengths  are  a  possible 
alternative  considered  both  for  pumping  out  such 
saturated  lower  levels  and  for  pumping  upper  levels. 

A  number  of  problems  surface  on  close  examination, 
however,  such  as  exact  (within  line  widths)  coincidence 
in  the  presence  of  possible  plasma  shifts,  efficient 
coupling  if  separated;  and  the  large  Increase  in 
electron  density  associated  with  Che  higher-Z  material 
which  enters  into  the  lasanc  conditions  as  in  Figs. 

2-6,  particularly  if  the  substances  are  congruent. 

With  sufficient  Intensity,  a  true  dual-region 
configuration  for  Che  "flashlamp"  (preferably  broad¬ 
band  compared  to  a  spectral  line)  and  the  lasant 
seems  preferable.  Photolonizaclon,  particularly  of 
Innershell  electrons,  is  a  related  and  promising 
pumping  scheme  involving  a  select  narrow  band  Incense 
radiation  source  (see  Fig.  1) . 

II.  EXPERIMENTAL  COMPARISONS 
A.  INVERSIONS  ALONG  TRAJECTORIES 


As  a  prerequisite  to  achieving  measureable  gain, 
Che  population  density  inversions  bracketed  in  Eqs. 

(1)  and  (3)  are  usually  determined  in  fluorescence 
experiments  under  lower  density  optically  thin 
conditions.  For  example,  a  4-3  inversions  is  strongly 
evidenced  in  the  resonance  series  between  levels  n  and 
1  by  anomalously  large  4-1  intensities,  even  exceeding 
the  3-1  Intensity  (14,  26) .  While  usually  obtained 
sprctrographlcally  with  spatial  but  not  temporal 
r  lutlon,  recent  soft  x-ray  data  on  hellum-llke 
CV  lines  with  both  spatial  and  temporal  resolution 
has  been  obtained  (35)  under  similar  laser-vaporized 
graphite  conditions  to  that  described  in  Ref.  (14). 

Returning  to  Fig.  2,  typical  laser  power  densities 
W  required  to  strip  atoms  of  C,  0,  and  Al  are 
indicated  by  vertical  barriers.  Such  vertical 
divisions  of  the  parameter  space  do  not  prohibit 
population  densities,  but  rather  define  the  zone  of 
high  ion  density  for  high  gain.  The  laser-flux 
log  W  scales  are  shown  at  Ne/Z^  values  corresponding 
to  a  critical  density  Ne'lO^l  cm-3  for  1  urn  laser 
absorption;  for  Ai,  values  for  2v  and  4v  frequency 
doubling  and  quadrupling  are  also  indicated.  Notice 
that  all  four  transitions  can  be  pumped  near  Che 
maximum  density  in  carbon  with  a  1  pm  laser,  but  not 
the  4-2  transition  in  oxygen  and  only  the  4-3  transi¬ 
tion  in  Ai  without  frequency  multiplication  into  the 
ultraviolet  region.  Of  course,  all  can  pumped  at 
densities  below  the  colllsional  cutoff  level  at  lower 
gain  and  Increased  pump  demands,  as  discussed  above. 

Also  shown  in  Fig.  2  are  data  points  from  Hull 
University  (11)  (UH)  [C(3-2)],  Culham  Laboratory  (36) 
(CU)  [c(3-2,  4-2,  4-3)3,  Naval  Research 
Laboratory  (14,  26)  (NR)  [j3(4-3)] ,  and  University 
of  Rochester  (10,37)  (UR)  [Ai(4-3)  hellum-llke],  with 
the  closed  data  points  indicating  where  population 


inversion  or  gain  measurements  are  reported,  and 
open  points  where  no  inversion  was  observed.  The 
numbers  in  brackets  refer  to  distances  from  laser- 
heated  targets.  The  4-3  data  are  consistent  with 
both  the  colllsional  deexcltatlon  limit  and  radiative 
trapping  for  diameters  1/3  to  1/2  the  distances 
Indicated.  The  3-2  and  4-2  data  from  Culham  showing 
inversions  only  for  Ng/Z^  less  than  lO^^  cm-3  are 
also  consistent  with  a  plasma  size  approximately 
30-tlmes  greater  than  permitted  at  10*^  cm-3,  i.e., 
the  NaU  scaling  behaves  as  expected  (see  Fig.  6).  The 
3-2  data  from  Hull  University  remain  an  enigma; 
although  the  size  could  be  tolerable  for  radiation 
trapping  limitations  if  the  plasma  produced  from  a  thin 
fiber  expands  in  a  heated  shell  of  thickness  — 10  pm, 
an  electron  density  well  above  that  expected  to  include 
colllsional  mixing  will  lead  to  a  very  small  or  even 
negative  population  inversion  (see  below) . 


Fig.  3.  Typical  trajectories  (long  dashes) 
in  parameter  space  (see  Fig.  2)  and  mean  free 
paths  (short  dashes)  with  values  {}  in  mn. 


Continuing  in  Fig.  3,  extended  trajectories 
originating  in  the  critical  density  layer  near  the 
target  are  plotted  for  C  and  AX  ions.  Also,  the 
density  ratios  N^'''/Ne  =  are  shown  where  known  (33,34). 
It  is  more  important  to  minimize  the  density  of  stripped 
ions  in  the  inversion  region.  This  is  best  achieved  by 
first  completely  stripping  the  atoms  near  the  target 
and  then  following  an  isothermal  trajectory  towards 
lower  densities,  preferably  maintaining  a  mean  free  path 
exceeding  the  final  diameter  anticipated  for  the  gain 
medium.  Mean  free  paths  are  plotted  as  {mn's)  in 
Fig.  3.  From  this  it  is  readily  understood  why  Ha 
is  only  2  X  10”®  (  10  mean  free  paths,  l.c,  e-M) 
when  beginning  at  10^^  W/cm^,  and  Increases  to  0.05 
at  a  higher  Initial  pump  flux  level  with  complete 
ionization  and  a  longer  mean-free-path  trajectory. 
Complete  stripping  in  the  Hull  University  experiments 
was  anticipated  (11),  also  beginning  at  very  high 
flux  levels.  For  the  University  of  Rochester 
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experlnents  on  Al,  stripped- Ion  densities  are  not 
yet  available;  however  conplete  stripping  at  the 
target  Is  expected  at  10^^  W/cn^  Irradiation,  and  the 
mean  free  path  Is  calculated  to  be  greater  than  10  mm. 

B.  CAIN  HEASUKEMENTS 

One  reason  that  Che  ratios  n2  are  available  for 
carbon  Is  that  the  density  of  stripped  Iona  can  be 
obtained  from  Che  absolute  number  density  of  hydrogenic 
Ions  In  excited  (n>5,  6,  and  7,  e.g.)  states  lying  near 
Che  continuum  using  Saha  equilibrium  calculations. 

These  highly-excited  state  densities  are  conveniently 
obtained  from  Che  absolute  emission  of  spectral  lines 
In  the  near-ultraviolet  region.  Since  Che  same 
excited  states  also  radiate  In  resonance  lines  (e.g., 

7-1,  6-1),  the  branching  ratio  for  radiative  decay 
and  Che  relative  Intensities  In  the  resonance  series 
provides  a  measurement  of  the  upper  laser  state 
densities  In  Eq.  (3),  from  which  Che  gain 
coefficient  Is  obtained  directly  (with  a  known  line 
width) .  The  gains  measured  by  this  technique  for  carbon 
are  shown  as  "f/meas"  In  Figs.  4-6.  (The  Hull  Unlv- 
slty  value  In  Fig.  6  was  obtained  from  axial  enhance¬ 
ment  In  a  cylindrical  plasma.)  Again,  these  gain 
coefficients  are  measured  directly  In  the  experiments 
and  do  not  depend  on  the  assumption  of  any  particular 
pumping  model. 

C.  GAIN  MODELED 

Where  the  stripped  Ion  density  ratio  kno%m 

along  with  Che  electron  density  and  temperature.  It  is 
also  possible  to  model  the  recombination  gain  from 
Eqs.  (3)  through  (S) ,  In  Figs.  4-6  such  a  modeled 
gain  Is  plotted  at  several  magnitudes,  for  comparison 
with  the  direct  measurements.  In  most  cases  a 
conservative  Inversion  factor  value  (l-Nng^/N^g2)  «0.3 
Is  assumed.  The  agreement  Is  generally  good  and  in 
one  case  (Fig.  4,  square  point)  some  expected  enhance¬ 
ment  from  resonance  charge  transfer  pumping  In  a 
particular  gaseous  expansion  experiment  (14)  la 
Indicated  .  For  the  University  of  Hull  results,  their 
assumption  of  nb  ~  1/6  (lOOZ  Ionization)  is  used  and 
a  matching  gain  value  of  017  cnrl  Is  plotted  for  a 
best  fit  to  a  variable  Inversion  factor  giving 
(1-Njjgjj/Nug|^)  a;0.002,  much  lower  than  the  0.3  value 
used  at  lower  densities  but  apparently  remaining  positive 
for  net  gain.  This  low  value  would  be  consistent  with 
the  colllslonal  regime  In  which  that  experiment  appears 
to  operate.  No  such  modeling  comparisons  using  the 
University  of  Rochester  data  (hellum-llke  aluminum) 
have  been  done,  because  pertinent  data  are  not  yet 
available. 

Similar  modeling  for  llthlum-llke  4-3  transitions 
yields  very  similar  results  to  Figs.  4  and  3  with  an 
abscissa  of  In  eV.  Llthlum-llke  ions  are 

desirable  since  they  are  formed  plentifully  from 
hellum-llke  Ion  ground  states  which  are  persistent  in 
a  transient  plasma.  The  formation  power  required  Is 
also  relatively  low  as  Is  the  Initial  temperature,  and 
the  final  gain  temperature  Is  extremely  low  for  low-Z 
plasmas;  hlgher-Z  elements  such  as  aluminum  appear  more 
desirable  (38). 

The  gains  modeled  here  do  not  restrict  the  para¬ 
meter  space  available  for  population  Inversions  and 
gain  except  for  the  particular  reconljlnatlon  pumping 
mechanism  assumed.  For  example,  photon  pumping  or 
charge-transfer  pumping  with  adequate  rates  could  occur 
throughout  the  space  beyond  the  collision  and  Ionization 
barriers,  and  again  the  modeling  would  depend  on  the 
specific  external  pumping  source  rather  than  the 
Internal  pumping  by  plasma  electrons  for  recombination. 


IV.  SUMMARY 

In  summary,  quantitative  spectroscopy  of 
hydrogenic  [and  hellum-llke  (14,  26)}  carbon  Ions 
Is  proving  to  be  a  valuable  gauge  for  measuring 
directly  the  soft  x-ray  gain  coefficient.  The 
strlpped-lon  density  and  the  Inversion  degree  are  also 
deduced  as  Inputs  for  modeling.  The  gain  coefficients 
measured  so  far  for  varying  pump  laser  powers  and 
transitions  and  locations  relative  to  Che  Irradiated 
target,  as  well  as  target  configurations,  are  shown 
here  to  be  In  good  agreement  with  a  simple  analytical 
model.  The  results  are  presented  In  such  a  way  as 
to  visualize  progress,  limitations,  and  prognoses. 
Preliminary  data  for  hellum-llke  aluminum,  which 
requires  more  stringent  parameters  than  carbon,  look 
promising  In  this  view,  although  similar  quantitative 
spectroscopic  data  ate  more  difficult  to  obtain. 
Increased  target  Irradiation  sustained  for  high 
temperatures  during  the  plasma  expansion  beyond  the 
colllslonal  regime,  followed  by  rapid  cooling,  would 
seem  to  be  most  desirable.  Enhanced  pumping  by 
charge  transfer  and  by  photo-excitation,  particularly 
in  overcoming  inversion  depletion  from  radiative 
trapping,  have  been  suggested  as  augmenting  techniques 
in  an  otherwise  optimized  system.  Clearly,  more 
quantitative  measurements  of  the  sort  described  here, 
along  with  more  expansive  calculations,  are  needed  to 
project  a  large  scale  gain  experiment  at  very  short 
wavelengths.  Supplementary  to  this  is  the  need  for 
the  design  of  efficient  (>  SOZreflectlvity)  and 
durable  cavities  for  the  soft  x-ray  region. 
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Fig.  4.  NRL  4-3  measured  gain  In  parameter 
space  compared  with  analytical  model  results 
for  carbon  plasmas. 
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Abstract:  Anti-Stokes  Scattering  as  An  XUV  Radiation  Source 


S.E.  Harris,  J.F.  Young,  R.W.  Falcone,  and  Joshua  E.  Rothenberg 
Edward  L.  Ginzton  Laboratory 
Stanford  University 
Stanford,  California  94305 


The  paper  will  descrioe  tne  use  of  anii-Stokes 
scattering  as  a  radiation  source  fur  high  resolution 
spectroscopy  in  the  lUU  A  to  1000  A  spectral 
region,  and  as  a  flashlainp  for  the  construction  of 
XUV  lasers.' 

Tne  raoiatiun  source  is  baseu  on  spontaneous 
anti-Stokes  scatteri'ig  of  incioent  laser  photons  from 
exciteu  inetastaole  atoms  in  an  electrical  discharge. 
Tne  frequency  of  the  scattereo  photons  is  equal  to 
tne  sum  of  tne  meiastaule  storage  frequency  anu  tlie 
frequency  of  tne  incioent  las^  ■  pnolon.  Ihe 
linewioth  of  the  scattereo  raoiaeiun  is  tne 
convolution  of  the  laser  linewiotn  ono  ttie  Uoppler 
w'Otn  of  the  emitting  species.  Tne  raoiation  is 
c larizeo,  has  the  same  time  duration  as  the  incident 
laser,  anu  can  be  tuneu  by  tuning  the  incioent  laser 
frequency.  In  recent  experiments  we  demonstrate  tnat 
tne  intensity  of  the  tunable  anli-Slokes  radiation  is 
Sufficiently  great  tnat  it  may  oe  oistinguisned  from 
tne  background  radiation  of  tne  plasma,  and  tnat  thus 
no  monochromator  neeo  be  used  to  obtain  an  absorption 
spectra.  We  report  tne  first  high  resolution  spectra 
of  potassium  iti  tne  region  of  535  A  to  5bU  A. 

Within  this  region  four  previously  unreported  narrow 
lines  are  observed. 


The  otner  portion  of  the  talk  will  be  concerned 
with  tne  use  of  anti -Stokes  scattering  to  niake  a 
f lashlamp  for  a  laser  in  the  2U0  A  spectral 
region.  In  recent  experiments  on  a  pulsed  hollow 
cathode  discharge  we  nave  measured  storage 
populations  in  the  Li'*'  ion  at  199  A  of  5  x  lu'"^ 
atoms/ciir’.  These  populations  correspond  to  o 
l99  A  flasnlamp  pumping  power  of  about  1  MW.  The 
target  state  is  an  even  parity  slate  of  neutral  Li 
whicn  IS  governed  by  selection  rules  wnicn  pronibit 
aotuionization.  Transfer  will  oe  accomplisneo  by 
means  of  two-photon  aosorption.  calculations 
indicate  tnat  we  should  oe  able  to  uotain  a  gain  of 
about  2U%  per  cm  on  me  kU7  A  traiisition  of  neutral 
Ll. 
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ABSTRACT 

A  review  of  the  various  types  of  x-ray  interferometers  is  given,  and  their 
characteristics  and  relative  merits  discussed.  Some  of  their  current 
applications  are  described  and  some  possible  future  ones  outlined. 


1.  INTRODUCTION 

The  x-ray  interferometer  was  invented  in 
1965  by  U.  Bonse  and  M.  Hart  (1).  Since  that 
time  it  has  developed  from  a  scientific 
curiosity  into  an  extremely  versatile  and 
routinely  usable  tool.  It  has  been  used  to 
solve  many  otherwise  intractable  problems.  In 
this  brief  review  I  will  try  to  present  some 
of  the  applications  which  I  find  interesting, 
in  the  hope  that  they  will  suggest  to  you 
other  applications  relevant  to  your  own 
interests. 

Since  this  conference  is  primarily  con¬ 
cerned  with  the  soft  x-ray  region,  I  should 
point  out  that  the  very  first  observation  of 
x-ray  interference  was  made  in  the  1930's 
with  aluminium  K-alpha  radiation  using  a 
Lloyds  mirror  arrangement  (2)  .  Since  that 
time  no  working  soft  x-ray  interferometer  has 
been  constructed.  All  the  devices  which  I 
will  discuss  here  are  based  on  perfect  crys¬ 
tal  diffraction  optics  (and  at  the  moment, 
that  means  silicon)  with  a  working  range  of 
roughly  0.01  to  0.4  nm. 

The  small  wavelength  of  x-radiation  would 
seem  at  first  sight  to  pose  insuperable  mech¬ 
anical  problems  for  the  designer.  The  care 
necessary  in  manufacturing  interferometers 
for  the  optical  region  could  not  reasonably 
be  extrapolated  by  a  factor  of  1000  (the 
wavelength  ratio  of  optical  and  x-radiation). 
In  fact  the  required  precision  is  reduced  by 
the  fact  that  the  refractive  index  of  most 
materials  in  the  above  wavelength  range  is 
almost  unity.  The  manufacturing  tolerances 
are  relaxed  by  the  factor  l/(l-n)  to  a  first 
approximation  (about  one  hundred  thousand). 
The  stability  requirement  is  not  relaxed  in 
this  way,  and  must  be  properly  considered  at 
the  design  stage.  For  this  reason,  most  x-ray 
interferometers  have  been  constructed  as 
monoliths,  that  Is  to  say  that  the  whole  ins¬ 
trument  is  carved  from  a  large  single  crystal 
ingot.  Unless  otherwise  stated,  all  the 
interferometers  discussed  here  will  be  ass¬ 
umed  to  be  monolithic. 

2.  X-RAY  INTERFERENCE 

The  usual  x-ray  sources  do  not  seem  to  be 
ideally  suited  to  demonstrating  x-ray  inter¬ 
ference.  They  are  generally  extended  sources 
with  no  phase  coherence  4>etween  the  different 
radiating  regions.  The  wavefronts  of  the 
radiation  emitted  by  each  point  are  of  course 
spherical,  and  there  is  no  possibility  of 
using  lenses  to  collimate  the  radiation.  Only 
the  special  properties  of  Bragg-reflectlng 
perfect  single  crystals  render  these  problems 
soluble  relatively  easily. 

The  key  fact  is  that  the  time-averaged 


intensity  in  the  interfering  beams  depends 
only  on  the  phase  difference  between  the  com¬ 
ponents  of  the  incident  wave  following  the 
two  paths  through  the  interferometer.  The 
calculation  of  the  detailed  distribution  of 
amplitudes  in  the  interfering  beams  is  rather 
complicated  (3).  The  application  of  a  few 
geometrical  restrictions  considerably  simp¬ 
lifies  the  result  of  such  an  analysis,  so 
that  this  phase  difference  depends  mainly  on 
the  material  properties  of  the  crystal  and 
the  optical  path  within  the  interferometer. 


Figure  l.(a)  A  typical  monolithic  Laue  case 
interferometer. 

(b)  The  diffraction  geometry  of  the  Laue-case 
interferometer.  The  crystal  wafers  are  ar¬ 
ranged  to  satisfy  the  Bragg  condition  simul¬ 
taneously.  Wafer  S  acts  as  a  beam  splitter,  M 
as  a  mirror  and  A  as  a  beam  analyser  or  re¬ 
combiner.  Only  the  important  beams  are  shown 
for  clarity. 

In  effect,  the  crystal  only  accepts  those 
components  of  the  incident  wave  which  are 
useful  for  interference  and  ignores  the  rest. 
Even  the  effect  of  a  polychromatic  beam  is 
taken  care  of,  so  that  with  divergent  beams, 
a  wide  wavelength  band  can  be  transmitted. 
The  thing  which  locks  the  phase  difference 
between  the  waves  is  the  crystal  structure. 

The  geometrical  conditions  mentioned 
above  are  essentially  (i)  that  the  difference 
in  optical  path  length  'or  the  two  beams  be 
less  than  the  coherence  length  of  the  inter¬ 
fering  waves.  This  requires  that  the  physical 
path  differences  be  of  the  order  of  ten 
microns  or  less,  and  (ii)  that  the  geometry 
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of  the  interferometer  is  controlled  to  a 
similar  degree. 

3. THE  X-RAY  INTERFEROMETER 

(a)  The  Laue-case  Interferometer. 

The  x-ray  interferometer  (1)  in  its  most 
frequently-used  form  consists  of  three  crys¬ 
tal  wafers  set  to  diffract  simultaneously  the 
incident  x-radiation  (see  figure  1).  The  dif¬ 
fraction  takes  place  in  transmission  (the 
Laue  case) ,  rather  than  the  more  usual  ref¬ 
lection  or  Bragg  case. Several  x-ray  beams 
emerge  from  the  device.  Only  the  ones  which 
are  useful  for  interferometry  are  shown  in 
the  diagram.  From  the  diagram  it  can  be  seen 
that  the  device  posesses  all  the  features  of 
the  classical  optical  interferometer. 

The  first  wafer  acts  as  a  beam  splitter. 
It  is  Important  to  realise  at  this  point  that 
the  beam  in  the  forward  direction  is  not 
simply  that  fraction  of  the  beam  which  did 
not  take  part  in  the  Bragg  reflection  proc¬ 
ess,  but  is  a  true  diffracted  beam.  Its  amp¬ 
litude  and  phase  are  intimately  connected 
with  those  of  the  hkl-dif fracted  beam  and  the 
crystal  structure  amplitude.  The  second  wafer 
serves  to  steer  the  two  beams  created  by  the 
splitter  into  a  path  which  allows  them  to  be 
recombined.  Again,  the  phase  of  the  diffrac¬ 
ted  waves  are  locked  to  the  crystal  lattice. 

If  the  third  wafer  were  not  present,  then 
the  interference  of  the  two  beams  in  the 
region  where  they  overlap  would  give  rise  to 
a  standing-wave  pattern.  The  geometry  of  the 
arrangement  dictates  that  the  spatial  period 
of  the  pattern  is  precisely  that  of  the  oper¬ 
ative  Bragg  planes  (for  silicon,  the  220 
planes  are  spaced  about  0.2nm  apart).  Since 
such  a  pattern  cannot  be  recorded  on  any 
known  medium,  it  is  necessary  to  introduce 
the  third  wafer.  Its  function  is  to  arrange 
that  the  interfering  beams  not  only  overlap, 
but  also  propagate  in  the  same  direction.  If 
the  phase  of  the  two  beams  is  homogeneous 
throughout  their  cross-section,  then  one  can 
simply  measure  the  total  intensity  in  the 
interfering  beam.  This  intensity  is  then  a 
measurement  of  the  relative  phases  of  the 
component  waves.  If  the  phase  of  one  of  the 
two  beams  is  not  homogeneous  throughout  its 
cross-section,  then  its  interference  with  the 
other,  homogeneous  beam  results  in  a  non- 
uniform  spatial  intensity  prof ile, which  can 
be  recorded  by  placing  an  x-ray  film  to 
intercept  the  combined  beam.  The  phase  in- 
homogeneity  may  be  due  to  one  of  several 
causes,  and  we  shall  briefly  discuss  some  of 
them  in  a  later  section. 

(b)  The  Bragg-case  interferometr . 

The  Bragg  case  (surface-reflection)  does 
not  lend  itself  so  obviously  to  providing  the 
beam-splitting  and  recombining  functions 
needed  to  realise  an  interferometer.  It  does 
however,  allow  the  steering  x-ray  beams  with 
virtually  no  intensity  loss.  It  is  worth¬ 
while,  therefore,  to  try  and  see  what  tricks 
we  can  use  to  provide  Bragg-case  beam  split¬ 
ting  and  re-combining. 

The  most  obvious  thing  is  to  use  a  mix¬ 
ture  of  Bragg-  and  Laue-case,  using  each  one 
in  the  position  beat  suited  to  it.  An  inter¬ 
ferometer  based  on  this  idea  was  first  con¬ 
structed  by  Bonse  and  Hart  (4)  and  subse¬ 
quently  refined  by  Spieker  (5),  The  geometry 
he  employed  is  shown  in  figure  2(a). 


Figure  2.  (a)  A  hybrid  Laue-Bragg  inter¬ 
ferometer  due  to  Bonse  and  Hart  (4) ,  as 
refined  by  Spieker  (5).  The  beam  splitting 
and  recombining  functions  are  performed  by 
Laue-case  wafers,  whilst  the  mirrors  operate 
in  the  Bragg  case. 

(b)  An  all-Bragg  interferometer  due  to  Bonse 
and  Hart  (6).  The  forward-diffracted  wave 
exists  when  the  crystal  is  set  just  off  the 
Bragg  condition. 

The  device  is  considerably  complicated  by 
the  fact  that,  due  to  the  effect  of  refrac¬ 
tion,  the  Bragg  angle  is  not  the  same  in  the 
Laue-  and  Bragg-cases.  If  not  corrected,  this 
will  cause  an  unacceptable  loss  of  intensity. 
Spieker 's  interferometer  permits  such  a 
correction  by  means  of  slight  elastic 
deformations  of  the  monolith  from  which  the 
interferometer  is  fashioned,  in  the  manner 
shown.  The  second  Bragg-case  reflection  is 
then  necessary  in  order  to  re-correct  the  ray 
trajectory  so  that  the  reflection  condition 
is  satisfied  for  the  final  Laue-case  ref¬ 
lection. The  second  reflection  also 
substantially  relaxes  the  geometrical 
constraints  on  the  manufacture  of  the  device. 

The  Bragg-case  interferometer  proposed  by 
Bonse  and  Hart  (6)  is  shown  in  figure  2(b). 
It  relies  on  the  fact  that,  for  a  plane  wave, 
the  reflection  coefficient  is  not  unity  if 
the  incident  wave  does  not  exactly  satisfy 
the  Bragg  condition.  Under  such  conditions,  a 
forward-diffracted  beam  exists  which  can  be 
used  for  interferometry.  In  fact  the  selec¬ 
tion  of  the  correct  angle  of  incidence  can  be 
left  to  the  interferometer  itself,  by  illum¬ 
inating  it  with  a  divergent  beam.  This  inter¬ 
ferometer  posesses  some  advantages  for  imag¬ 
ing  applications. 

(c)  Many-beam  Interferometers. 

We  have  so  far  restricted  the  discussion 
to  the  case  where  only  one  reciprocal  lattice 
point  is  active  in  the  diffraction  process, 
l.e.  the  origin  and  h  k  1.  This  is  refered  to 
as  the  two-beam  case.  If  we  allow  several 
reciprocal  lattice  points  to  be  simultan¬ 
eously  active,  then  other  arrangements  become 
possible.  The  conditions  for  many-beam  dif¬ 
fraction  are  quite  restrictive,  and  inter¬ 
ferometers  relying  on  this  phenomenon  will 


generally  only  work  at  one  particular  wave¬ 
length.  This  obviously  restricts  their  ap¬ 
plication  to  non-spectroscopic  problems. 
Figure  3  illustrates  a  selection  of  some  of 
the  many-beam  interferometers  which  have  been 
proposed  (7,8,10). 


Figure  3. (a)  This  is  the  3-beam  Bragg-case 
interferometer  constructed  by  Graeff  (8). 

(b)  A  possible  Michelson  interferometer. 

(c)  A  triangular  interferometer  having 
coincident  beam  paths. 


Only  the  device  in  figure  3(a)  has  been 
constructed  and  succesfully  operated  (both  in 
the  laboratory  (8)  and  with  a  synchrotron  x- 
ray  source  (9)).  This  device  is  my  favourite 
candidate  for  a  soft  x-ray  interferometer 
based  on  crystal  diffraction  optics,  since  it 
does  not  rely  anywhere  on  transmission  of  x- 
rays  through  the  crystal  material.  However, 
the  perfection  of  large  Bragg-spacing  crys¬ 
tals  is  not  yet  sufficient  for  interfero¬ 
metry. 

The  device  shown  as  figure  3(b)  is  the  x- 
ray  analog  of  the  Michelson  interferometer. 
If  a  sufficiently  stable  and  controllable 
version  could  be  fabricated,  then  the  sensi¬ 
tivity  of  the  Michelson-Morley  experiment  may 
be  significantly  improved. 

Fig  3(c)  shows  a  triangular  3-beam  device 
which  was  first  proposed  as  an  x-ray  reso¬ 
nator,  but  is  also  an  interferometer  with 
coincident  beam  paths.  This  device  could 
offer  a  sensitive,  rather  straightforward 
technique  for  the  measurement  of  circular 
dichroism 


(d)  The  scanning  interferometer. 

The  scanning  interferometer  is  essen¬ 
tially  a  Laue  case  device  which  is  identical 
to  the  simple  interferometer  described  above, 
except  that  it  is  constructed  in  such  a  way 
that  the  final  wafer  may  be  translated  along 
the  direction  of  the  diffraction  vector  in  a 
smooth,  controllable  manner.  This  modifica¬ 
tion  gives  the  device  several  advantages  over 
its  rigid  counterpart,  and  merits  seperate 
discussion. 

A  pure  translation  of  one  component  of 
the  interferometer  relative  to  the  others 
introduces  a  phase  shift  into  one  of  the 
interfering  waves  which  is  proportional  to 
the  displacement.  If  the  displacement  is 
smooth  and  uniform,  the  output  intensity 
undergoes  sinusoidal  fluctuations,  which  may 
be  recorded  by  a  counter.  Such  a  device  was 
first  proposed  and  constructed  by  M.  Hart 
(20).  Since  then  it  has  been  used  in  its 
monolithic  form  by  Cusatis  and  Hart  (14)  and 
Hart  and  Siddons  (15)  to  make  high-precision 
measurements  of  anomalous  dispersion  and  as  a 
high-speed  (IMHz)  x-ray  or  neutron  modulator 
(16). 

It  has  also  been  used  by  several  groups 
in  an  experiment  to  place  the  lattice  para¬ 
meter  of  silicon  on  an  absolute  basis  by  con¬ 
necting  an  optical  interferometer  with  an  x- 
ray  interferometer  and  determining  the  ratio 


of  the  optical  and  x-ray  fringe  spacings 
(17,18,19)  . 

The  mechanism  which  performs  the  scanning 
must  allow  smooth,  controllable  translation 
of  the  analyser  wafer  relative  to  the  rest  of 
the  interferometer  on  the  picometer  scale 
without  introducing  spurious  rotations  about 
any  axis  greater  about  one  tenth  of  an  arc 
second.  This  is  a  non-trlvial  requirement. 
The  device  is  shown  in  figure  4. 


Figure  4. (a)  A  schematic  diagram  of  the 
scanning  interferometer  showing  the  scanning 
stage  and  the  x-ray  beam  trajectories. 

(b)  A  picture  of  a  finished  interferometer. 

The  interferometer  and  its  scanning  stage 
are  constructed  from  a  single  crystal  of 
silicon.  The  elastic  scanning  stage  is  a 
folded  parallelogram  spring  strip  design.  The 
small  forces  necessary  for  controlled  defor¬ 
mation  of  the  monolith  are  most  conveniently 
generated  electromagnetically.  Thus  it  is  not 
difficult  to  place  the  instrument  under 
computer  concrol.  This  capabability  has  been 
used  to  advantage  in  experiments  to  measure 
anomalous  dispersion  using  weak  x-ray  sources 
(15). 


4. APPLICATIONS 
(a)  Moire  Topography 

As  we  have  mentioned  earlier,  the  phase 
of  the  diffracted  beam  is  related  to  that  of 
the  structure  amplitude  of  the  active  Bragg 
reflection.  If  the  Bragg  planes  are  dis¬ 
torted,  the  effective  phase  of  the  structure 
amplitude  is  locally  modified.  When  the  wave 
diffracted  by  such  a  lattice  interferes  with 
the  reference  beam,  local  variations  of  in¬ 
tensity  are  observed  within  the  beam  cross- 
section, which  may  be  recorded  on  x-ray  film. 
The  image  so  obtained  is  a  map  (or  topograph) 
of  local  lattice  distortions.  We  can  estimate 
the  sensitivity  of  the  technique  very  simply. 
A  phase  change  of  pi  (producing  the  maximum 
intensity  change)  results  from  a  lattice 
displacement  of  one  half  of  the  Bragg  spacing 
(O.lnm  for  the  220  reflection  in  Silicon). 
The  smallest  resolvable  fringe  spacing  is 
,say,  0.1mm  for  ordinary  x-ray  film.  This 
places  an  upper  limit  to  the  magnitude  of  the 
strain  of  about  one  part  per  million  (ppm) . 
This  overlaps  nicely  with  other  topographic 
techniques.  The  lower  limit  depends  on  the 
details  of  the  experimental  technique,  but 
since  a  fringe  spacing  of  1cm  would  be 
readily  visible,  a  value  of  O.Olppm  is  not 
too  ambitious.  The  formal  similarity  between 
the  above  contrast  mechanism  and  the  effect 
produced  by  superposing  gratings  has  led  to 
the  technique  being  dubbed  Moire  topography. 
An  example  of  this  is  shown  below.  Figure  5 
shows  the  image  obtained  by  x-ray  Moire 
topography  of  a  selectively  deposited  alu¬ 
minium  film  on  one  wafer  of  an  inter- 


feiometer . 


Figure  5.  The  interferogratn  produced  when  a 
thin  aluminium  film  is  deposited  onto  one 
wafer  of  an  interferometer.  The  right-hand 
image  shows  the  increased  strain  after  heat- 
treatment  of  the  film. 


image  shows  the  effect  of  heat  treatment  on 
the  magnitude  of  the  strain. 

Figure  6  demonstrates  the  effect  of  in¬ 
homogeneous  impurity  distribution  on  the 
interferogram.  The  Bragg  spacing  is  modified 
by  the  impurity,  and  so  the  fringe  pattern 
shown  reflects  this  variation. 

Figure  7(a)  shows  a  Moire  topograph  of  a 
crystal  containing  a  single  dislocation.  A 
rotational  component  has  been  added,  which  is 
superposed  on  the  displacement  field  due  to 
the  dislocation.  Extra  fringes  can  be  seen 
beginning  near  the  dislocation  core.  This 
pattern  is  characteristic  of  the  Moire 
pattern  produced  between  a  perfect  grating 
and  one  which  has  had  an  extra  line  pushed 
half-way  into  it  (figure  7(b)).  The  number  of 
extra  fringes  produced  is  exactly  the 
effective  number  of  extra  half-planes  present 
in  the  dislocated  lattice.  This  permits  a 
complete  determination  of  the  dislocation 
Buergers  vector. 

With  synchrotron  sources,  concern  has 
been  expressed  at  the  large  thermal  load 
which  is  placed  on  any  optical  sytem 
receiving  the  direct  white  beam.  There  is 
very  little  quantitative  knowledge  of  the 
behaviour  of  crystal  diffraction  optical 
systems  under  such  conditions.  The  x-ray 
interferometer  is  potentially  a  very 
sensitive  detector  of  thermal  strains  in  one 
of  its  components.  A  recent  experiment  (12) 
took  advantage  of  this  sensitivity  and  made 
quantitative  measurements  of  temperature 
differences  between  the  splitter  wafer  and 
the  rest  of  the  interferometer. 


Figure  6. The  effect  of  inhomogeneous  impurity 
content  in  the  interferometer  material  . 


Figure  8.  Dilation  Moire  patterns  observed 
when  an  x-ray  interferometer  is  placed  in  the 
white  radiation  beam  of  a  synchrotron.  The 
fringe  spacing  is  a  direct  measurement  of  the 
temperature  difference  between  the  first  and 
subsequent  wafers.  Wider  fringe  spacing  cor¬ 
responds  to  lower  temperature  difference.. 


Figure  7. (a)  The  interferogram  produced  by  an 
Interferometer  having  a  single  dislocation  in 
one  wafer.  The  effective  number  of  extra 
Bragg  planes  is  changed  by  imaging  using 
different  diffraction  orders. 

(b)  A  simulation  of  the  above  interferograms 
made  by  superposing  a  normal  grating  upon  a 
sequence  of  'dislocated'  ones  in  which  the 
number  of  extra  half-planes  increases  from 
one  to  four. 

The  aluminium  was  deposited  at  room 
temperature,  and  a  small  amount  of  strain  is 
produced  by  the  difference  in  thermal 
expansion  coefficient  as  the  aluminium 
condenses  onto  the  crystal.  The  right-hand 


Measurements  were  made  under  a  variety  of 
conditions.  Figure  8  shows  one  sequence  of 
fringe  patterns  where  the  beam  cross-section 
was  varied.  The  influence  of  filters  and  the 
effect  of  highly  inhomogeneous  thermal  loads 
were  also  studied. 

(b)  Phase  contrast  microscopy. 

Phase  shifts  may  also  be  introduced  into 
the  interferometer  by  refracting  objects  as 
well  as  by  lattice  displacements.  Thus  it  is 
possible  to  image  refractive-index  variations 
i.e.  to  take  phase-contrast  micrographs. 
Figure  9  shows  such  an  image  of  a  concave 
polymethylmethacrylate  lens  (13) . 


future. 


Figure  9.  A  phase-contrast  micrograph  of  a 
plastic  lens. 

The  equal-phase  contours  correspond  in  this 
case  to  equal-thickness  contours,  and  are 
therefore  concentric  circles. This  technique 
has  had  rather  limited  applications  until 
recently,  because  of  the  restricted  set  of 
wavelengths  available  in  the  laboratory .The 
real  power  of  the  method  is  only  available  if 
one  is  free  to  choose  the  imaging  wavelength. 
The  significance  of  this  is  best  shown  by 
figure  10.  The  dependence  of  the  forward 
scattering  factor,  and  hence  the  refractive 
index  of  materials  on  wavelength  is  charac¬ 
terised  in  the  x-ray  region  by  the  presence 
of  the  K-absorption  edges.  This  gives  rise  to 
the  well-known  anomalous  dispersion  effect. 


Figure  10.  The  variation  with  wavelength  of 
the  forward  scattering  facter  (which  is 
simply  related  to  the  refractive  index)  of  a 
series  of  elements. 

The  interesting  result  for  microscopy  is 
that  there  are  some  regions  where  refractive- 
index  matching  occurs.  Thus  it  is  possible  to 
find  a  wavelength  at  which  only  one  component 
of  a  three-component  system  is  contrasted. 
Possible  candidates  for  such  a  technique 
should  be  numerous  once  the  facility  is 
available  on  a  routine  basis  at  a  synchrotron 
source. 

The  technique  can  also  provide  higher 
contrast  of  samples  with  low  atomic  number, 
for  which  absorption  contrast  is  usually  low. 
This  could  be  of  interest  to  people  studying 
biological  materials. 

There  are  of  course  problems  with  the 
method,  perhaps  the  most  restrictive  is  that 
of  spatial  resolution.  Several  Instrumental 
factors  conspire  to  limit  the  microscopic 
resolution  to  around  10  microns.  Little  dev¬ 
elopment  has  taken  place  however,  and  I  am 
sure  that  this  limit  will  disappear  in  the 


(c)  Dispersion  spectroscopy. 


The  variations  in  forward  scattering 
factor  illustrated  in  figure  10  is  in  itself 
of  considerable  interest.  It  is  difficult  to 
compute,  and  several  approximate  theories 
have  been  developed.  Prior  to  the  x-ray 
interferometer  no  reliable  experimental  data 
existed.  Thus  none  of  the  calculations  could 
be  verified.  This  in  turn  led  to  a  decline  in 
theoretical  developments. 

The  x-ray  interferometer  offers  a  very 
direct  way  of  measuring  refractive  indices, 
and  the  relationship  between  refractive  index 
and  forward  scattering  factor  is  straight¬ 
forward.  Several  interferometric  determin¬ 
ations  were  made  in  the  laboratory  using  the 
characteristic  lines  available,  but  these 
were  not  sufficient  to  provide  a  real  test. 
The  first  series  of  high-resolution  measure¬ 
ments  covering  an  absorption  edge  was 
performed  using  synchrotron  radiation  by 
Bonse  and  Materlik  (21).  They  used  a  film 
technique  which  relied  upon  the  displacement 
of  a  rotation  Moire  pattern.  The  Moire  image 
they  obtained  is  illustrated  in  figure  11, 
and  the  dispersion  corrections  they 
calculated  from  measurements  of  fringe 
positions  on  this  image  are  shown  in  figure 
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Figure  11.  The  Holre  pattern  recorded  as  a 
function  of  wavelength  by  Bonse  and  Materlik, 
from  which  they  calculated  the  dispersion  of 
Nickel.  The  position  of  the  absorption  edge 
is  marked,  and  the  dip  in  the  fringe  position 
around  it  is  clearly  visible. 


The  two  major  disadvantages  of  this 
technique  are  i)  the  difficulties  of 
assessing  phase  shifts  to  sufficient  accuracy 
(given  the  uncertainties  in  response  and 
dimensional  stability  of  film  and  the  dif¬ 
ficulties  of  optical  densitometry)  and  ii) 
the  need  to  measure  the  sample  thickness  and 
density  to  high  precision. 

Both  the  disadvantages  of  the  above 
technique  are  overcome  by  using  the  scanning 
interferometer  to  record  fringe  profiles 
directly,  and  by  working  at  multiple  wave¬ 
lengths  to  eliminate  the  sample  thickness  and 
density  from  the  equations.  Two  such  exper¬ 
iments  have  been  performed,  one  (14)  was  a 
pilot  study  by  Cusatis  and  Hart.  They  used 
Bremsstrahlung  from  a  standard  x-ray  tube  and 
a  scintillation  counter  to  make  measurements 
at  several  wavelengths  on  Zirconium  metal 
near  the  K  absorption  edge.  The  second  (15) 
used  an  improved  x-ray  optical  system  and  a 
solid-state  detector  in  a  computer-controlled 
spectrometer  to  collect  a  considerable  quan¬ 
tity  of  data  for  several  elements.  These 
later  results  are  shown  in  figure  12  (b)  to 
(e) .  The  improvement  in  quality  of  the  data 
collected  using  this  apparatus  is  manifest. 
The  results  have  been  compared  in  detail  with 
theoretical  estimates,  and  were  instrumental 
in  uncovering  some  errors  in  computational 
procedure  in  one  series  of  calculations  (21). 
These  errors  were  subsequently  corrected,  and 
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the  smooth  curve  drawn  through  the 
experimental  points  in  figure  12(b)  through 
(e)  is  calculated  according  to  this  revised 
scheme.  A  remarkable  degree  of  agreement  is 
found . 

Since  these  experiments  were  performed  in 
the  laboratory,  they  are  limited  in  quality 
by  the  very  low  intensities  available  from 
Bremsstrahlung  sources.  We  see  no  reason  why 
any  intensity  gains  obtained  by  moving  to  a 
synchrotron  source  should  not  provide  an  ap¬ 
propriate  improvement  in  data  collection 
times  or  measurement  precision,  or  combi¬ 
nations  of  the  two  appropriate  to  the  prob¬ 
lems  in  hand  at  the  time. 

The  scanning  interferometer  equipment 
proposed  for  the  Daresbury  storage  ring  is 
waiting  to  be  commissioned  and  should  be  pro¬ 
ducing  high-quality  data  by  the  fall  of  this 
year.  The  use  of  a  dispersive  double  crystal 
arrangement  should  provide  energy  resolutions 
of  around  0.1  ev,  with  intensity  comparable 
with  laboratory  characteristic  sources,  or 
even  higher.  An  extensive  survey  of  the  pe¬ 
riodic  table  is  planned  to  confirm  certain 
systematic  trends  observed  in  our  laboratory 
experiments,  and  detailed,  high  resolution 
studies  of  selected  elements  and  compounds 
are  planned  to  study  the  near-edge  behaviour 
of  the  dispersion. 


several  elements  measured  by  Hart  and  Siddons 

(IS)  using  lalsoratory  Bremsstrahlung. 

5.  CONCLUSION 

I  hope  that  I  have  managed  to  convince 
you  that  x-ray  interferometry  is  more  than 
just  an  interesting  idea,  and  that  it  will 
become  an  accessible  tool  in  the  near  future, 
even  to  the  non-specialist.  Facilities  are 
planned  specifically  for  interferometry  at 
two  major  synchrotron  sources,  at  the  new 
HASY  laboratory  in  Hamburg  .and  at  the  Dares¬ 
bury  SRS  in  England.  When  these  two  experi¬ 
ments  are  under  way  we  should  see  many  new 
and  interesting  experiments  performed. 
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Figure  12.  Anomalous  dispersion  factors 
measured  by  x-ray  interferometry. 

(a)  the  values  for  nickel  measured  at  Desy  by 
Bonse  and  Materlik  (21). 

(b)  (c) (d) (e)  Anomalous  dispersion  factors  for 
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ABSTRACT 

Holograms  can  be  formed  in  light  of  little  or  no  temporal  coherence .  The  coherence  re¬ 
quirements  for  Gabor  in-line  holography  are  examined.  It  is  shown  that,  with  achromatic  inter¬ 
ferometers  formed  from  diffraction  gratings,  the  coherence  requirements  for  off-axis  holography 
are  equally  low.  Finally,  two  basic  approaches  to  the  making  of  holograms  in  completely  white 
light  are  dftscribed. 


INTRODUCTION 

Nowadays  we  see  holograms  of  remarkable  quality 
viewed  in  white  light.  The  holograms  are  bright,  sharp, 
often  large,  with  considerable  depth  and  parallax.  They 
belie  the  often-held  supposition  that  holograms  have  to 
be  viewed  in  highly  coherent  light — monochromatic  light 
from  a  point  source.  These  holograms  which  are  the 
product  much  technical  development  a  number  of  rather 
Ingenious  ideas,  were  developed  in  response  to  the  re¬ 
alization  that  if  display  holography  were  to  be  of  any 
widespread  value,  it  had  to  be  freed  from  the  constraint 
of  being  viewed  only  with  relatively  expensive  and  in- 
convient  sources  such  as  lasers  and  mercury  arcs. 

It  would  be  attractive,  for  various  reasons,  if 
holograms  of  such  excellent  quality  could  also  be  con¬ 
structed  in  white  light.  The  prevailing  view  among 
those  somewhat  knowledgeable,  but  not  expert,  in  holo¬ 
graphy  is  that  the  making  process  is  basically  differ¬ 
ent,  and  even  the  holograms  designed  for  white  light 
viewing  must  still  be  made  with  highly  coherent  light, 
as  for  example  from  a  laser. 

On  the  other  hand,  if  we  consider  that  when  a  holo¬ 
gram  is  being  viewed,  the  light  passing  through  it  is 
merely  retracing  the  paths  of  the  light  used  for  making 
the  hologram.  And  if  we  consider  that  the  same  lavs  of 
optics  apply  if  we  merely  reverse  the  direction  of  the 
light  rays,  we  might  suspect  that  the  coherence  of  the 
making  and  viewing  processes  might  in  a  basic  way  be 
Just  the  same.  Thus,  perhaps,  holograms  can  be  made  in 
white  light.  There  is  considerable  truth  in  this  view¬ 
point,  although  the  issue  is  by  no  means  a  simple  one. 

For  the  basic  process  of  holography,  as  developed 
by  its  inventor  Dennis  Gabor,  the  truth  of  this  supposi¬ 
tion  is  quite  simple.  As  we  show  in  Fig.  1,  a  hologram 
is  made  of  a  small  scattering  "point"  object  0,  of  size 
Ax  (we  work  in  two  dimensions  instead  of  three,  for 
simplicity).  Light  scattered  by  0  interferes  with  the 
coherent  background  to  form  an  interference  pattern  that 
is  recorded  as  a  hologram  H.  Each  wavelength  component 
of  the  source  forms  a  zone  plate  pattern  at  H  that  is 
scaled  differently,  in  inverse  proportion  to  wavelength. 
The  source  wavelength  spread,  AX,  must  be  limited  to  a 
value  such  that  the  outermost  zones  for  the  longest  and 
shortest  wavelength  do  not  mismatch  by  more  than,  say, 
one  half  of  a  period.  Simple  considerations  lead  to  the 
bandwidth  limitation 

AXA„=  U(Ax)VX  z  “  4/C  (1) 

where  the  various  symbols  are  defined  in  Fig.  1.  The 
quantity  C  we  call  the  expansion  ratio,  which  is  the 
ratio  of  the  width  of  a  resolution  element  on  the  object 
and  the  linear  spread  of  the  zone  plate  it  makes  on  the 


hologram.  The  introduction  of  this  quantity  leads  to, 
as  we  see,  an  extremely  simple  expression  for  the  allow¬ 
able  wavelength  spread.  Just  4  times  the  reciprocal  of 
the  expansion  ratio. 


H 


Fig.  1.  Gabor  hologram  of  a  point  object, 
left,  construction;  right,  reconstruction 


Similarly,  on  readout,  the  zone  plate  has  a  focal 
length  inversely  proportional  to  wavelength.  If  we  view 
the  hologram  with  a  beam  of  polychromatic  light  and  ob¬ 
serve  the  plane  where  the  image  is  in  sharp  focus  at  the 
midband  wavelength,  then  other  wavelengths  will  form 
images  somewhat  blurred  in  this  plane.  If  we  use  the 
elementary  laws  of  optics  to  calculate  the  allowable 
spatial  bandwidth  AX  before  the  image  becomes  noticeably 
blurred,  we  find 


AX/X  =  4(Ax)VX  z  =  4/C  (2) 

o  o 

which  is  exactly  the  same  expression  as  before.  Here, 
we  would  call  C  the  compression  ratio,  which  is  the 
ratio  of  the  width  of  a  zone  plate  on  the  hologram  to 
the  width  Ax  of  the  "point"  image  to  which  the  zone 
plate  focuses  the  light.  Thus,  for  the  simple,  basic 
process  of  holography,  as  given  by  Gabor,  our  suspicions 
are  confirmed.  The  making  and  the  viewing  processes 
have  exactly  the  same  monochromaticity  requirements. 

Moreover,  these  requirements  can  be  very  modest. 

For  example,  if  we  choose  parameters  such  that  the  ex¬ 
pansion  ratio  is  20  (i.e.,  a  resolution  cell  on  the  ob¬ 
ject  is  spread  into  a  zone  plate  response  with  an  area 
400  times  greater),  the  allowable  wavelength  spread, 
for  a  midband  of  5000  Angstroms,  is  1000  Angstroms. 

II.  EXTENSION  TO  OFF-AXIS  HOLOGRAPHY 

Gabor  in-line  holograms  suffer  from  poor  signal  to 
noise  ratio.  Higher  quality  is  obtained  from  the  so- 
called  off-axis  or  carrier  frequency  holograms.  There 
has  been  a  widely  held  view  that  such  holograms  have 
greater  coherence  requirements  for  both  the  making  and 
viewing  steps,  but  this  view  is  not  necessarily  true. 
Off-axis  holography,  as  opposed  to  Gabor's  original 
method,  is  a  two-beam  Interferometric  technique,  with 
the  object  in  one  beam  and  with  the  other  serving  as  the 
reference  beam;  this  Impinges  on  the  recording  plate  at 
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an  angle  with  respect  to  the  object  beam,  so  as  to  pro¬ 
duce  a  large  number  of  fringes,  typically  several  hun¬ 
dred  to  several  hundred  thousand.  The  chromaticity  re¬ 
quirements  are  then  a  combination  of  those  required  for 
the  holographic  process  and  those  required  for  the  inter¬ 
ference  of  the  two  beams.  Nov,  there  are  many  kinds  of 
two-beam  interferometers,  and  they  differ  greatly  in 
their  chromaticity  requirements,  so  the  total  chromati¬ 
city  requirement  for  off-axis  holography  depends  on  the 
kind  of  interferometer  we  use  for  introducing  the  refer¬ 
ence  beam. 

It  happens  that  there  are  achromatic  interferome¬ 
ters  that  produce  an  unlimited  number  of  very  fine,  high 
contrast  fringes  in  perfectly  white  light.  When  such  an 
interferometer  is  used  for  forming  an  off-axis  hologram, 
the  chromaticity  requirement  is  no  greater  than  for  the 
basic  process  of  Gabor  in-line  holography.  Such  inter¬ 
ferometers  use  diffraction  gratings  as  beam  splitters. 
Similarly,  a  diffraction  grating  may  be  used  in  the 
hologram  viewing  process,  so  that  the  chromaticity  re¬ 
quirements  for  viewing  a  hologram  are  also  no  greater 
than  for  the  in-line  case. 


Fig.  2.  A  grating  interferometer  for  making  hologram. 

Figure  2  shows  an  example  of  an  interferometer 
formed  from  a  pair  of  diffraction  gratings.  The  first 
grating  acts  as  a  beam  splitter,  dividing  the  incident 
light  into  a  zero  and  a  first  orders.  If  the  grating  is 
thick,  so  that  the  diffraction  is  of  the  Bragg  type, 
there  will  be  no  other  order.  The  second  grating  is  a 
beam  combiner,  which  brings  the  beams  back  together. 

The  interferometer  foms  frirges  whose  spacing  and  posi¬ 
tion  are  independent  of  wavelength;  thus,  high  contrast 
fringes  are  formed  even  for  white  light.  The  number  of 
fringes  and  their  spacing  is  Just  the  number  and  spacing 
of  the  rulings  on  the  first  grating,  and  is  thus  inde¬ 
pendent  of  the  wavelength  spread. 

It  is  easy  to  see  why  the  fringe  spacing  is  wave¬ 
length  independent.  The  spacing  of  the  fringes  varies 
inversely  as  the  angle  between  the  two  beams,  and  di¬ 
rectly  as  the  wavelength.  However,  longer  wavelengths 
are  diffracted  by  the  gratings  at  greater  angles  and 
therefore,  come  back  together  at  greater  angles.  The 
two  factors,  wavelength  and  combining  angle,  therefore 
Just  compensate,  giving  fringe  spacing  independent  of 
wavelength.  Analysis  shows  that  the  fringes  for  each 
wavelength  will  also  be  in  perfect  registry.  Finally, 
analysis  also  shows  that  the  fringes  will  form  in  a 
broad  source.  Thus,  the  fringe  formation  process  re¬ 
quires  neither  temporal  nor  spatial  coherence.'** 

We  place  an  object  transparency  0  in  one  of  the 
beams,  as  indicated  in  Fig.  2.  The  fringe  pattern  will 
then,  upon  recording, become  an  off-axis  hologram.  Dif¬ 
fraction  (i.e. ,  scatter)  by  the  object  will  cause  the 
light  in  the  object  beam  to  be  redistributed,  thus  some¬ 
what  upsetting  the  achromatic  and  broad  source  fringe 
formation  process,  so  that  now  there  will  be  some  coher¬ 
ence  requirements  on  the  source.  Analysis  shows,  how¬ 
ever,  that  these  requirements  are  exactly  the  very  modest 
ones  given  by  Eqs.  1  and  2  for  basic  holography.'  Thus, 
by  choosing  the  proper  interferometer,  off-axis  holo¬ 
graphy  can  be  done  with  the  same  coherence  requirements 
as  for  basic,  in-line  holography. 


III.  MAKING  HOLOGRAMS  IN  WHITE  LIGHT 

In  recent  years  there  has  been  considerable  interest 
in  making  holograms  in  white  light.  As  we  have  noted, 
holograms  that  can  reconstruct  in  perfectly  white  light 
are  now  commonplace,  and  since  we  have  argued  that,  for 
the  basic  holographic  process,  the  chromaticity  require¬ 
ments  for  the  making  and  viewing  steps  should  basically 
be  the  same,  we  might  now  suspect  that  holograms  can  be 
formed  in  white  light.  And  indeed  they  can.  However, 
for  reasons  that  are  rather  intricate,  the  white  light 
hologram  formation  methods  are  really  not  counterparts 
of  the  previously-noted  white  light  readout  methods. 

The  white  light  methods  fall  into  two  categories. 
Both  require  fairly  complex  lens  systems  to  achieve 
their  results. 

The  first  category  is  based  on  a  procedure  developed 
by  Katyl* ,  in  which  lens  systems  are  used  to  achromatize 
a  Fresnel  or  Fourier  transformation  process  in  a  w.-y  ana¬ 
logous  to  the  way  lens  systems  are  achromatized  to  form 
images. 

The  second  category  is  based  on  the  use  of  achroma¬ 
tic  optical  convolving  systems  which  are  integrated  into 
achromatic  interferometers.'*’* 

The  first  method  has  two  salient  characteristics: 

1.  All  points  on  the  hologram  are  formed  si¬ 
multaneously,  i.e.,  in  parallel. 

2.  The  achromatization  is  only  approximate. 

The  second  method  has  these  corresponding  character¬ 
istics  : 

1.  The  holograms  are  formed  one  point  at  a 
time,  i.e.,  sequentially,  and  the  genera¬ 
tion  of  the  complete  hologram  requires  a 
scanning  process. 

2.  The  achromatization  is  exact. 


IV.  KATYL'S  METHOD 

The  achromatization  method  of  Katyl  has  been  used 
both  in  the  viewing  and  in  the  making  of  holograms.  It 
is  a  method  analogous  to  the  way  a  lens  is  achromatized 
— by  putting  simple  lens  elements  together  to  fora  a  com¬ 
pound  lens.  The  lens  elements  are  made  from  different 
kinds  of  glass,  with  different  dispersion  characteris¬ 
tics,  so  that  the  dispersion  of  one  element  compensates 
that  of  the  other.  Katyl’ s  method  differs  in  two  re¬ 
spects. 

First,  instead  of  achromatizing  so  that  the  image 
is  free  from  chromatic  aberration  the  achromatization  is 
done  for  some  plane  in  the  Fresnel  field.  For  a  two- 
dimensional  object,  the  achromatization  can  be  rather 
good.  If  the  object  is  3-D,  the  achromatization  is  done 
for  only  one  plane  of  the  object. 

The  second  difference  is  that  it  is  the  diffraction 
process  that  is  being  achromatized  rather  than  a  lens 
system.  The  chromatic  errors  in  diffraction  processes 
are  different  from  those  of  lenses  and  are  severe;  thus, 
highly  dispersive  correcting  elements  are  needed.  Katyl 
used  glass  dispersion  lenses  in  some  of  this  configura¬ 
tions,  but  for  most  he  used  a  Fresnel  zone  plate,  which 
enormously  greater  dispersion  than  glass  lenses. 

The  correction  of  aberrations  in  an  imaging  system 
by  the  use  of  compensating  lenses  is  a  specialized  pro¬ 
cess,  and  it  is  not  appropriate  to  go  here  into  what  is 
basically  a  lens  design  problem.  We  note  that  Katyl 
shows  experimental  results  of  holograms  made  in  white 
using  the  compensation  systems  and  also  shows  for  com¬ 
parison  results  without  the  compensation  system.  The 
results  are  most  impressive. 

V.  OPTICAL  CONVOLVER  METHOD 

The  optical  convolving  method  consists  of  two  parts 
(Fig.  3).  First  there  is  the  system  OP  that  achromati¬ 
cally  generates  a  Fresnel  diffraction  pattern  of  an  ob¬ 
ject  transparency.  This  system  is  integrated  into  the 
second  part,  a  grating  interferometer  that  achromatically 
provides  a  reference  bean. 
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Fig.  3.  The  optical  convolving  method 

The  basic  system  for  performing  the  former  opera¬ 
tion  is  shown  in  Fig.  The  transparency  0  is  illumi¬ 
nated  with  a  polychromatic  light  source  that  is  wave¬ 
length  dispersed  along  the  longitudinal,  or  z,  axis. 

For  wavelength  Xp  the  source  Is  a  point  a  distance 

from  the  object;  for  a  wavelength  the  source  is  a 
different  distance,  fro®  the  object.  The  source 

may  be  written  as  the  function 

S  =  «(z  -  ZgXg/X),  (3) 

which  indicates  that  the  source  point,  as  a  function  of 
wavelength,  is  located  at  z  =  (Xq/XJz^,  where  z^  is  the 

distance  between  source  and  object  for  wavelength  X^. 

Such  a  source  can  be  produce  by  illuminating  a  Fresnel 
zone  plate  with  a  point  white  light  source  and  selecting 
one  order  while  removing  the  others  by  appropriate  spa¬ 
tial  filtering. 

The  beam  illuminating  the  object  transparency  is 
2 

then  exp(iTrx  /Xz)  (where,  as  before,  we  drop  the  3rd,  or 
y  dimension.  Using  Eq.  3,  we  write  this  as 

expiiwx^A  t  ).  This  form  of  the  illuminating  function 
os 

is  thus  wavelength  independent,  a  consequence  of  the 
axial  dispersion.  A  lens  L  forms  the  Fourier  transform 
of  the  product  0(x)exp(  iirx*/X^z^) ,  and  we  observe  in  the 

back  focal  plane  the  field  distribution 

u  =^r[f(x  -  x')exp(iirx^/XgZ^)],  (U) 

where  ^^indicates  Fourier  transformation  and  x'  de¬ 
scribes  movement  of  0(x)  throught  the  optical  system 
aperture.  However,  we  confine  our  observation  to  a 
point  on  axis  by  placing  at  the  back  focal  plane  of  the 
lens  a  mask  containing  a  pinhole.  The  field  in  the  pin¬ 
hole  represents  the  Integral 

u(x')  =  /0(x-x')exp(nrx^/XgZ^)dx  =  0»h.  (5) 

We  have  thus  formed  the  convolution  operation  describing 
Fresnel  diffraction,  and  it  is  significant  to  note  that 
it  has  been  formed  achromatically,  using  a  broad-spec¬ 
trum  source.  Of  course,  it  is  generated  one  point  at  a 
time,  and  to  generate  the  entire  pattern,  we  must  move 
the  object  transparency  through  the  aperture. 

This  diffraction  pattern  can  be  recorded  as  a  holo¬ 
gram  by  introducing  a  reference  beam  u^  ®  agexp(i2TrfgX') , 

producing  an  irradiance  [u^+u|^,  which  results  in  a 

hologram  that  produces  the  desired  reconstructed  wave. 

By  using  an  achromatic  interferometer  to  provide  the  two 
beams,  object  and  reference,  the  recombination  of  the 
beam  is  accomplished  achromatically,  as  we  explain 
latei . 

Explicitly  showing  the  zone  plate  which  provides 
the  dispersed  source  for  the  object  leads  to  an  alterna¬ 
tive  way  (Fig.  5)  of  describing  this  holographic  process. 
The  zone  plate,  whose  amplitude  transmittance  is 
2 

t^  «  l/2[l4'coa(irx  /XgZ^),  imaged  onto  the  transparency 

0.  We  suppose  that  in  the  process  the  zone  plate  is 
spatially  filtered  so  that  only  the  virtual  image  term 


reaches  the  transparency  0.  Thus,  the  light  distribu¬ 
tion  impinging  on  the  transparency  is,  to  within  a  con- 
2 

stant,  exp(iwx  /X^z^),  which  is  the  result  given  pre¬ 
viously.  A  more  complete  description  is  given  in  Refs. 


Fig.  4.  Achromatic  holographic  configuration. 

U  and  6.  By  formulating  the  operation  in  this  manner, 
it  is  seen  to  be  Just  the  basic  method  of  using  a  co¬ 
herent  optical  system  to  convolve  two  functions  by  imag¬ 
ing  one  onto  the  other.  The  holographic  process  is  then 
Just  the  special  case  of  choosing  the  convolving  Impulse 
response  as  a  quadratic  phase  function.  We  could  use 
any  other  convolving  function;  thus,  the  method  we  de¬ 
scribe  in  terms  of  holography  is  indeed  a  very  general 
method  for  using  optical  processing  for  performing  the 
general  operation  g=f*h,  where  f  and  h  are  any  functions. 


Fig.  5.  Alternate  description 

To  complete  the  achromatic  holographic  system  of 
Fig.  I*  (or  5)  we  must  bring  in  a  white  light  reference 
beam  that  is  coherent  with  the  object  beam.  This  is 
done  by  means  of  the  three-grating  interferometer  shown 
in  Fig.  6.  This  interferometer  is  achromatic.  Just  as 


Fig.  6.  The  three  grating  interfei-ometer 


is  the  two-grating  interferometer  of  Fig.  2.  Using 
three  gratings  (all  of  the  same  spatial  frequency)  adds 
considerable  flexibility,  as  explained  in  Ref.  5.  One 
consequence  is  that  the  distance  d^  between  gratings  O2 
and  Gj  is  decoupled  from  the  equation  for  fringe  forma¬ 
tion;  the  fringes  form  at  a  distance  dj  from  the  final 
grating  regardless  of  the  separation  of  gratings  G2  and 
G3.  We  place  the  optical  convolving  system  in  the 
space  between  Gp  and  G3,  in  such  a  way  that  both  object 
and  reference  beams  tranverse  the  total  optical  system, 
otherwise  the  paths  are  not  the  same  and  coherence  be¬ 
tween  the  two  beams  is  lost.  The  reference  beam  must 
of  course  also  traverse  the  two  plates  containing  the 
zone  plate  and  the  object  0,  however,  it  murt  go  through 
portions  of  the  plates  that  are  clear,  so  that  it  will 
emerge  as  a  uniform  beam. 
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A  system  for  making  one-diraensionally  dispersed 
holograms,  such  as  the  very  popular  multiplex  holograms 
and  Benton  rainbow  holograms,  is  shown  in  Fig.  Y.  The 
optical  convolving  system  is  identical  with  that  of  Fig. 
5,  except  for  the  addition  of  a  cylindrical  lens  L3  (so 


Gj 


Fig.  7.  The  complete  system 


as  to  produce  one-dimensional  dispersion).  G2  and  G3 
are  identical  gratings  of  spatial  frequency  f ^ ,  and  Gj 
is  an  off-axis  zone  plate  structure,  with  carrier  f  in 
the  y  direction  and  the  zone  plate  structure  in  the  x 
direction.  In  other  words,  we  have  a  nice  economy  by 
having  serve  as  both  a  cylindrical  zone  plate  for 

one-dimensional  convolution  and  also  as  the  first  grat¬ 
ing  of  the  interferometer.  The  zero  and  first  orders 
of  G.  are  selected,  with  the  first  order  being  modulated 
by  tne  zone  plate,  G^  demodulates  the  diffracted  beam 
to  zero  spatial  frequency  in  the  y  direction.  Since  G2 
affects  the  light  distribution  in  the  y  direction  only, 
Gp  can  then  be  considered  to  be  imaged  in  the  x  direc¬ 
tion  at  object  plane  Pg,  producing  the  required  object 
distribution.  The  object  is  then  moved  through  the 
aperture,  as  described  earlier,  while  G^  modulates  the 
reference  beam  in  order  to  produce  the  required  fringes 
at  the  output  plane. 

A  final  comment:  the  grating  G-  can  bring  the  re¬ 
ference  beam  to  the  recording  plate  at  a  very  steep 
angle,  so  as  to  produce  fringes  of  several  hundred 
lines/mra,  a  spatial  frequency  far  higher  than  the  lens 
could  pass.  The  fringes  can  be,  in  a  special  sense, 
considered  as  an  image  of  the  initial  grating  G^,  so  we 
have  imaged  through  the  optical  system  a  spatial  fre¬ 
quency  far  in  excess  of  what  the  modulation  transfer 
function  of  the  system  would  ordinarily  allow,  yet  have 
suffered  not  even  a  slight  loss  of  fringe  contrast.  It 
is  done  by  the  grating  G2  beating  the  reference  beam  to 


zero  spatial  frequency,  i.e.,  making  it  travel  along  the 
optical  system  axis,  and  the  gratings  G3  then  restoring 
the  reference  beam  to  its  original  high  spatial  fre¬ 
quency,  i.e.,  its  steep  angle. 

An  example  of  a  hologram  produced  by  Swanson  in  an 
achromatic  system  such  as  we  have  described  is  shown  in 
Fig.  8. 

To  conclude,  I  point  out  some  very  recent  work  by 
my  coworker  G.  Collins,  who  has  advanced  the  Katyl  meth¬ 
od  and  combined  it  with  the  three  grating  interferometer 
method  to  produce  a  Fourier  transform  hologram  in  white 
light,  without  the  need  for  a  scanning  process. 

While  the  white  light  methods  have  advanced  consi¬ 
derably  over  the  past  several  years,  I  believe  it  is 
only  a  beginning,  and  there  is  considerable  room  for 
further  advance. 


illis 

Hl=6 


Fig.  8.  Reconstruction  from  a  hologram  made  in 
white  light  (courtesy  G.  Swanson). 
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Dr.  BBMtt  Leith  described  optlaum  geoaetrles  for  the 
foraation  of  visible  light  holograms  with  sources  of 
limited  coherence  properties.  The  extension  to  x-ray 
experiments  was  suggestive. 
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ABSTRACT 

The  X-Ray  Calibration  and  Standards  Laboratory  located  at  the  Lawrence  Livermore  National 
Laboratory  provides  unique  and  vital  support  to  many  users  of  low  energy  x-ray  diagnostics. 
This  Laboratory  routinely  provides  x-ray  calibrations  In  a  steady  state  mode  from  100  eV  to 
1000  eV.  A  unique  x-ray  source,  utilizing  an  Ion  accelerator,  provides  various  discrete 
x-ray  energies  In  the  110  eV  to  1000  eV  range.  Another  x-ray  source  provides  continuous 
x-ray  spectra  In  this  energy  ratige  and  employs  a  unique  compound  goniometer  which  enables 
the  calibration  of  both  reflective  and  diffractive  x-ray  systems.  These  x-ray  facilities 
and  their  unique  characteristics  will  be  described  as  well  as  a  brief  description  of  some  of 
the  experimental  efforts  accomplished  using  them. 


INTRODUCTION 

During  the  last  ten  years,  interest  In  the  soft 
x-ray  region  from  100  to  1000  eV  increased  signifi¬ 
cantly.  The  catalysts  for  this  Interest  were  primarily 
the  laser-fusion  program  and  the  magnetic  fusion  pro¬ 
gram.  These  programs  rely  fairly  heavily  on  the  meas¬ 
urement  of  x-rays  emitted  In  this  energy  range.  The 
weapons  progrmn  has  long  known  that  measurements  of 
the  emitted  radiation  from  an  exploding  nuclear  device 
can  provide  information  concerning  the  physics  involved. 
This  concept  was  quickly  adapted  by  both  the  laser  and 
magnetic  fusion  programs.  The  x-ray  emission  from 
high-temperature  (kT  ''-1  keV),  laser  produced  plasmas 
is  predominately  In  the  100  to  1000  eV  energy  range 
and  thus  the  need  for  well  calibrated  x-ray  diagnostics 
quickly  became  a  necessity.  Likewise,  the  temperatures 
achieved  In  the  magnetically  confined  plasmas  also  pro¬ 
duce  x-rays  In  this  energy  region,  and  they  too  require 
well  calibrated  x-ray  diagnostics  to  collect  data 
which  relates  to  the  physics  phenomena  taking  place. 

For  these  applications  the  Interest  Is  primarily 
on  fast,  current-mode  detectors  capable  of  responding 
linearly  to  the  Intense  x-ray  bursts  produced  by  these 
sources.  The  laser  produced  plasmas  are  characterized 
by  durations  of  aggroximately  100  ps  and  peak  photon 
Intensities  of  lO"  keV/Ster-sec.  For  the  magnetically 
confined  plasmas  the  intensity  is  lower  but  the  dura¬ 
tion  Is  on  the  order  of  milliseconds  or  longer.  Typi¬ 
cal  detectors  used  in  the^e  measurements  include  semi¬ 
conductor  detectors,  scintillator  photomultiplier  or 
photodiode  detectors  and  photoelectric  diodes.  (1) 

These  detectors  have  sensitivities  of  the  order  of  lO*-' 
to  1020  coul/keV,  and  thus  it  Is  clear  that  in  order 
to  be  accurately  calibrated  In  the  current  mode.  Intense 
sources  of  monoenergetic  x-rays  must  be  available. 


REVIEW  OF  SUB-KILOVOLT  X-RAY  SOURCES 

An  obvious  source  of  monoenergetic  x-rays  in  the 
sub-kilovolt  energy  region  is  the  characteristic  line 
emission  from  inner  shell  atomic  fluorescence  of  low-Z 
elements.  This  fluorescence  can  be  induced  by  various 
types  of  exciting  radiations,  i.e.,  photons,  electrons 
or  ions.  Since  the  fluorescence  yield  for  low-Z  ele¬ 
ments  Is  quite  low,  very  Intense  Ionization  sources 
are  needed  In  order  to  obtain  useful  x-ray  yields  In 
this  energy  range.  Photon  and  electron  excitation  are 
two  of  the  most  comnon  x-ray  generating  techniques. 

An  example  of  an  x-ray  generator  or  tube  utilizing 
electron  excitation  Is  the  Henke  tube.  (2)  This  tube 
shown  geometrically  In  Figure  1  was  developed  by  Pro¬ 
fessor  Burton  Henke  of  the  University  of  Hawaii.  The 
x-rays  from  this  tube  are  often  used  to  excite  fluor¬ 


escence  in  other  materials,  as  shown  in  Figure  1,  pro¬ 
viding  an  example  of  photon  excitation.  Both  of  these 


Fig.  1.  Henke  x-ray  source  with  secondary 
target  for  producing  fluorescent  x-rays. 

excitation  processes,  although  commonly  used,  suffer 
disadvantages.  These  disadvantages  are  characterized 
by  x-ray  beam  spectral  contaminants  which  arise  from 
photon  scattering  in  the  first  case  and  bremsstrahlung 
continuum  production  in  the  second.  These  spectral  im¬ 
purities  are  superimposed  on  the  characteristic  line 
emissions.  To  avoid  these  difficulties,  the  phenomenon 
of  x-ray  production  via  Ion  bombardment  has  become  of 
significant  interest.  This  production  mechanism  Is 
characterized  by  high  characteristic  x-ray  yields  and 
low  bremsstrahlung  backgrounds  and  Is  Ideally  suited 
to  the  calibration  objectives  mentioned  earlier.  Based 
on  this  Information,  we  have  developed  a  calibration 
facility  at  the  Lawrence  Livermore  National  Laboratory 
utilizing  characteristic  x-ray  production  from  elemen¬ 
tal  targets  via  Coulomb  excitation  from  proton  bombard¬ 
ment.  While  heavier  Ions  may  provide  greater  photon 
yields  for  specific  cases  in  which  the  energy  levels 
of  the  projectile  and  target  atoms  overlap,  proton 
excitation  provides  a  consistently  high  yield  for  gen- 
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Fig.  2.  Cut  away  view  of  the  Ion  Accelerator  -  Subkilovolt  X-Pay  Facility. 


eral  excitation  of  a  wide  variety  of  target  materials. 
Also,  In  considering  the  dependence  of  x-ray  yield  and 
of  secondary  electron  brerasstrahlung  production  upon 
the  Incident  proton  energy  It  appeared  practical  to 
base  the  facility  around  a  low-energy  (300  kV)  accel¬ 
erator. 


ION  ACCELERATOR  SUB-KILOVOLT  X-RAY  FACILITY 

The  LLML  calibration  facility  consists  of  a 
charged  particle  accelerator,  x-ray  target  chamber, 
photon  monitoring  system,  experimental  detector  cham¬ 
ber  and  crystal  diffractometer  (Figure  2). 

The  accelerator  power  supply  (Figure  3)  Is  based 
on  conventional  Cockcrof t-Wal ton  voltage  multiplying 
principles  and  was  designed  and  fabricated  at  LLNL.  (3) 
It  has  an  oscillation  frequency  of  100  kHz  and  maxi¬ 
mum  load  capability  of  5  mA  and  300  kV.  The  voltage 
Is  applied  across  a  conventional  accelerating  column, 
and  the  proton  beam  Is  magnetically  analyzed  and  de¬ 
livered  to  the  x-ray  target  through  electrostatic  quad- 
rupole  focusing  elements.  The  accelerating  column  and 
beam  drift  tubes  are  maintained  at  a  pressure  of 
^2  X  10"6  Torr  during  full  beam  loading  by  a  1500  f/sec 
oil  diffusion  pump  and  a  1500  f/sec  turbomolecular 
pump,  respectively. 

The  proton  beam  Is  provided  by  a  standard  rf  Ioni¬ 
zation  source  and  beam  currents  of  2.5  mA  have  been 
delivered  on  target  In  a  spot  size  of  less  than  5  mm 
diameter.  Smaller  spot  sizes  are  possible,  but  tar¬ 
get  heat  loads  are  excessive  under  such  conditions. 
The  accelerator  Is  also  capable  of  accelerating  heavier 
Ions  or  electrons  with  only  minor  system  modifications. 

Three  high-vacuum  stainless  steel  experimental 
chambers  are  mounted  In  series  at  the  end  of  the  ac¬ 


celerator  drift  tube  (Figure  2).  These  chambers  have 
metal  vacuum  seals  and  are  evacuated  to  pressures  of 
10*'  -  10*®  Torr  using  a  500  f/sec  turbo-molecular 


Fig.  3.  Cockcroft-Walton  voltage  doubler  and  the 
accelerator  stack. 
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pump  on  the  target  chamber  and  1500  ^sec  turbo-molec¬ 
ular  pumps  on  the  others.  Isolation  of  the  chambers 
from  the  poorer  vacuum  environment  of  the  accelerator 
beam  tube  Is  achieved  by  a  low-conductance  {6  £/s), 
double-walled,  LN-cooled  cold  trap  mounted  In  the  beam 
pipe  at  the  entrance  to  the  target  chamber.  This  trap 
Is  designed  to  reduce  hydrocarbon  buildup  on  the  x-ray 
target  which,  as  will  be  discussed  later.  Is  a  serious 
detriment  to  spectral  purity  In  subkilovolt  x-ray  gen¬ 
erators. 

The  x-ray  target  has  two  primary  features: 
a)  heat  dissipation  of  5  kW/cm^,  and  b)  capability  of 
remote  selection  of  one  of  several  different  target 
materials,  and  hence,  characteristic  photon  energies. 
Seven  target  materials  (Cu,  Fe,  Cr,  T1,  C,  B,  Be)  are 
deposited  on  the  flat  machined  surface  of  a  high-purity 
Cu  cylinder  to  thicknesses  ranging  from  3  to  5  rag/cm‘. 
(See  Figure  4.)  Water  Is  flowed  through  the  cylinder 


Fig.  1».  Water  cooled  target  assembly  with  seven 
plated  targets. 


past  the  back  of  the  targets  to  remove  the  heat  dissi¬ 
pated  in  them  by  the  Incident  protons.  A  system  has 
been  designed  to  not  only  conduct  away  the  heat  but  to 
help  reduce  carbon  buildup  on  the  targets.  This  sys¬ 
tem,  although  not  presently  In  use,  utilizes  a  501 
mixture  of  ethylene  glycol  and  water  and  Is  designed 
not  only  to  dissipate  up  to  5  kW/cmZ  of  target  heat 
during  beam  loading  conditions  but  also  to  maintain 
the  target  temperature  at  115”C  during  beam-off  con¬ 
ditions.  The  latter  Is  achieved  by  heating  the  liquid 
and  Is  an  attempt  to  further  reduce  condensation  of 
hydrocarbon  contaminants  on  the  target  face.  The  liquid 
Is  flowed  at  6£/m1n,  through  a  closed-loop  pump  and 
heat  exchanger  system  and  Is  nozzled  to  pass  the  back 
of  the  targets  with  a  turbulent  velocity  of  7.5  m/sec. 

In  addition  to  the  seven  target  materials  listed 
above  we  also  can  clamp  on  other  metal  targets  to  the 
target  probe  giving  us  different  energy  points.  These 
clamp-on  targets,  some  of  which  can  be  seen  In  Figure  5, 
rely  on  surface  contact  for  cooling  and  since  the 
heated  targets  tend  to  warp,  they  cannot  be  used  with 
as  high  a  beam  current  as  the  plated  targets. 

As  a  final  step  In  minimizing  carbon  buildup  a 
double-walled,  LN-fllled  cylinder  Is  mounted  around 
the  targets  to  serve  as  a  hydrocarbon  condenser.  The 
target  and  condenser  are  electrically  Isolated  to  per¬ 
mit  beam  current  measurements  and  to  allow  bias  voltage 
suppression  of  secondary  electron  emission  from  the 


target.  The  target  assembly  Is  vertically  driven  by  a 
remotely-controlled  stepping  motor  and  will  automati¬ 
cally  position  any  pre-selected  target  In  the  proton 
beam. 


Fig.  5.  Target  assembly  with  clamp  on  targets  in 
place. 


The  target  chamber  geometry  Is  designed  to  allow 
continuous  monitoring  of  the  x-ray  flux  with  a  propor¬ 
tional  counter  during  calibration  of  an  experimental 
detector.  Both  the  experimental  detector  and  a  pro¬ 
portional  counter  monitor  can  be  mounted  symmetrically 
at  an  angle  of  135°  with  respect  to  the  Incident  pro¬ 
ton  beam  direction.  However,  the  x-ray  emission  Is 
found  to  be  Isotropic  only  for  very  smooth  targets 
(polished  so  that  average  peak-to-va11ey  surface  rough¬ 
ness  Is  less  than  0.05  ym).  Targets  with  rougher 
surfaces,  e.g.,  8  ym,  exhibit  highly  nonIsotropIc  emis¬ 
sion  and  preclude  use  of  the  output  of  the  monitor 
detector  In  this  position  to  derive  the  flux  level 
Incident  on  the  experimental  detector.  Consequently, 
since  target  surface  damage  and  roughness  can  readily 
occur  at  high  current  loads.  It  Is  Impossible  to  assume 
Isotropy  In  calibration  procedures.  Rather  It  would 
be  necessary  to  frequently  recheck  Isotropy  or  to 
monitor  the  Incident  flux  by  Interspersing  a  proportion¬ 
al  counter  In  place  of  the  experimental  detector. 

To  accomplish  this,  the  detectors  to  be  calibrated 
are  mounted  on  a  rotating  table  In  the  detector  chamber 
and  can  be  moved  In  and  out  of  the  x-ray  beam.  A  pro¬ 
portional  counter  Is  mounted  In  the  center  of  this 
chamber  and  can  also  be  moved  Into  or  out  of  the  x-ray 
beam.  Thus,  by  moving  the  detector  being  calibrated 
out  of  the  beam  and  placing  the  proportional  counter 
Into  the  beam,  an  accurate  measurement  of  the  Incident 
x-ray  flux  can  be  made.  This  arrangement  can  be  seen 
in  Figure  6. 

The  proportional  counters  are  side-window,  cylin¬ 
drical,  gas-flow  counters  with  2.5  cm  Inside  diameters, 
25  ym  diameter  tungsten  anode  wires  and  0.25  mm  diame¬ 
ter,  85  yg/cffl  Parylene  N  entrance  windows. 

Helium-Isobutane  at  atmospheric  and  also  reduced 
pressure  Is  used  as  the  proportional  counter  gas. 

Various  thin  foils  are  normally  placed  Into  the 
x-ray  beam  from  the  target.  These  foils  serve  several 
purposes.  First,  In  some  cases,  they  are  opaque  and 
shield  the  detectors  from  visible  and  Infrared  fluores¬ 
cent  and  incandescent  radiation  emitted  from  the  hot 
target.  Optical  pyrometer  measurements  have  shown  a 
carbon  target  to  reach  1900*C  during  loading  with  a 
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Fig.  6.  View  of  the  detector  chamber  interior. 


2  mA  proton  beam.  Second,  they  are  thick  enough  to 
stop  backscattered  protons  and  hydrogen  atoms.  Buck 
et  a1 .  (4)  have  shown  that  for  these  proton  energies 
(■\.300  keV)  a  large  fraction  of  the  backscattered  pro¬ 
jectiles  are  neutralized.  Consequently,  any  attempt 
to  remove  recoil  particles  from  the  x-ray  flux  by 
electrostatic  deflection  techniques  would  only  be  par¬ 
tially  successful.  Hence,  absorbing  foils  are  neces¬ 
sary.  Finally,  In  some  cases  the  foils  selectively 
absorb  photons  characteristic  of  carbon  contamination 
on  the  target  surface.  This  requires  matching  the 
x-ray  absorption  cross-section  of  the  foil  with  the 
characteristic  photon  energies  of  carbon  and  of  the 
target  material  to  maximize  the  x-rqy  flux  at  the  detec¬ 
tor.  All  three  functions  are  considered  In  selection 
of  the  proper  foil-target  combinations.  For  example, 
600  ug/cm2,  opaque,  carbon  foils  are  used  with  a  car¬ 
bon  target  and  500  pg/cm2,  opaque  Be  fi  lls  are  used 
with  a  copper  target. 

A  third  vacuum  chamber  mounted  behind  the  experi¬ 
mental  detector  chamber  houses  a  crystal  diffractometer 
and  gas  flow  proportional  counter  for  high  resolution 
spectrum  analysis.  Mounted  behind  this  chamber  on  the 
end  of  the  x-ray  beam  line  Is  a  windowless  lithium 
drifted  silicon  detector.  This  SKLf)  detector  has 
a  resolution  of  approximately  109  eV  at  5.9  keV  and  Is 
Isolated  from  the  rest  of  the  vacuun  system  by  a  liquid 
nitrogen  cooled  low  conductance  cylinder.  This  greatly 
reduces  the  buildup  of  contaminants  on  the  windowless 
detector.  This  detector  Is  useful  for  monitoring  the 
beam  purity. 

Some  of  the  performance  characteristics  of  the 
facility  can  be  seen  In  Table  I.  Listed  are  the  most 
coanon  targets,  the  photon  energy  and  the  approximate 
source  strengths.  These  values  are  for  a  beam  current 
of  s  1  mA  and  an  accelerating  voltage  of  225  kV. 

The  beam  purity  Is  very  good  from  clean  targets. 
As  the  targets  are  used  for  a  period  of  time  a  carbon 
buildup  occurs  which  reduces  the  Intensity  of  the  char¬ 
acteristic  line,  but  since  filters  are  used,  the  spectr 
urn  remains  relatively  clean.  Oxygen  contamination  has 
also  been  noticed  from  some  targets  and  cannot  be 
effectively  filtered  out  and,  thus,  must  be  accounted 
for.  Since  for  the  accelerating  voltages  used,  the 
L-shell  photon  yield  Is  many  orders  of  magnitude  great¬ 
er  than  the  K-$he11  yield  for  the  higher  I  targets, 
the  latter  may  be  Ignored  with  respect  to  the  spectral 
purity  of  the  x-ray  source. 


Table  I.  Targets,  available  energy  and  approximate 
source  strengths  for  a  proton  beam  <  1  mA 
at  225  kV  accelerating  potential. 

Source  Strength 

Target  Photon  Energy  (eV)  (Photons/ sec) 


Be  -  k 

109 

1  X  10l4 

B  -  k 

183 

1  X  lOl^ 

C  -  k 

277 

1  X  lOl^ 

T1  -  L 

452 

3  X  10l2 

tr  -  L 

574 

3  X  10l2 

Fe  -  L 

704 

3  X  10^2 

Cu  -  L 

932 

3  X  10l2 

Present  plans  call  for  Improving  the  rf  hydrogen 
source  on  the  accelerator  allowing  an  Increase  In  pro¬ 
ton  beam  current.  This  coupled  with  a  newly  designed 
liquid  cooled  target  assembly  will  allow  us  to  Increase 
our  x-ray  Intensity. 

COMPOUND  GONIOMETER  X-RAY  FACILITY 

In  many  applications  a  contlnuimi  source  In  the  sub¬ 
kilovolt  energy  region  Is  desired.  One  of  these  Is  the 
stuqy  of  the  critical  angle  reflection  from  smooth, 
flat,  mirror  surfaces.  The  x-ray  facility  shown  In 
Figure  7  can  provide  such  a  continuum  source  and  In 
addition  Incorporates  a  unique  compound  goniometer  use¬ 
ful  In  critical  angle  reflector  studies.  The  x-ray 
source  Is  a  Henke  tube  similar  to  that  described  pre¬ 
viously  and  shown  schematically  In  Figure  1.  This 
x-ray  source  Is  coupled  to  an  84  cm  diameter  stainless 
steel  vacuiJii  chamber  which  houses  the  double  goniometer 
system.  A  windowless  S1(L1)  detector  Is  connected  to 
this  chamber  to  examine  the  x-ray  beam.  The  vacuum 
chamber  Is  roughed  down  by  cryosorb  pumps  and  pumped  by 
a  cryogenic  pump.  This  pumping  technique  Insures  a 
very  clean  vacuum  allowing  pressures  In  the  I0~^  and 
I0*°  Torr  region.  The  primary  goniometer  assembly  In 
the  chamber  Is  coupled  via  vacuum  feedthroughs  to  a 
Siemens  Omega  Drive  goniometer  accurate  to  .001*.  The 
2  0  mechanism  of  the  goniometer  Is  connected  to  a  rotary 
table  In  the  chamber  while  the  0  mechanism  connects 
to  a  crystal  holder  In  the  center  of  the  rotary  table. 
Mounted  on  the  rotary  table  (2  0  mechanism  of  the  pri¬ 
mary  goniometer)  Is  a  second  0-20  goniometer.  This 
goniometer  shown  In  Figure  8  was  constructed  using 
two  rotary  stages  driven  by  stepping  motors.  These 
stages  obtained  from  Klinger  Scientific  Corporation 
are  accurate  to  .01*  (newer  versions  to  .001*).  The 
electronic  chassis  which  controls  these  stages  (shown 
In  Figure  9)  allows  all  of  the  typical  goniometer 
modes,  e.g.,  0  movement,  20  movement,  0-20  movement. 
This  chassis  was  designed  and  fabricated  here  at  LLNL. 
A  proportional  counter  Is  mounted  on  the  20  ana  of 
the  secondary  goniometer  to  measure  the  reflected  or 
diffracted  x-rays.  The  complete  compound  goniomet¬ 
er  assembly  with  a  mirror  mounted  In  each  of  the 
goniometers  Is  shown  In  Figure  10. 

RESULTS 

On  the  Ion  Accelerator  X-Ray  Facility  the  typical 
calibration  performed  Is  the  measurement  of  detector 
response  or  sensitivity  as  a  function  of  energy.  The 
high  Intensity  monoenergetic  x-rays  produced  In  this 
facility  are  Ideal  for  this  type  of  measurement.  The 
calibration  curves  shown  In  Figure  11  for  the  energy 
range  below  1  keV  were  obtained  using  this  facility. 
The  detectors  calibrated  were  of  three  types,  an  XRO 
or  photoelectric  diode,  a  plastic  scintillator  coupled 
to  a  photodiode  and  a  silicon  surface  barrier  semicon¬ 
ductor  detector.  The  higher  energy  calibration  points 
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Fig.  7.  Cut  away  view  of  the  Compound  Goniometer  -  Henke  Tube  Source  Facility. 


were  obtained  using  other  LLNL  calibration  facilities. 
Other  types  of  calibrations  can  be  performed  using  this 
facility  Including  crystal  and  mirror  or  reflector  cali¬ 
brations. 


Fig.  8.  Rotary  stages  assembled  into  a  0  -  20 
goniometer. 


The  primary  calibrations  that  are  performed  using 
the  Compound  Goniometer,  X-Ray  Facility  Involve  diffrac¬ 
tion  crystals  and  x-ray  mirrors.  The  spectrum  from  the 
Henke  tube  Is  a  continuum  with  characteristic  anode 
lines  and  Is  Ideal  for  this  type  of  measurement.  Shown 
graphically  In  Figure  IZ  Is  a  calibration  of  an  x-ray 
mirror.  Figure  13  Illustrates  the  results  obtained 
when  a  continuun  spectrum  Is  reflected  from  two  mirrors 
mounted  on  the  compound  goniometer.  This  technique 
has  many  applications.  DREX  (5),  a  spectrometer  for 
spectral  measurements  In  the  subkilovolt  energy  range, 
makes  use  of  the  double  mirror  technique.  The  Compound 
Goniometer,  X-Ray  Facility  can  also  be  used  for  other 


Fig.  9.  Control  unit  for  the  0-20  goniometer 
assembled  using  rotary  stages. 


Fig.  10.  Overall  view  of  the  coiq>ound  goniometer  vlth 
tvo  x-ray  mirrors  mount~^  In  the  goniometers. 

types  of  calibrations.  By  adding  fluorescers  In  the 
prluary  bean  from  the  Henke  tube  as  shown  In  Figure  1 
and  using  absorption  edge  filters,  fairly  nonoenergetic 
beams  of  x-rays  can  be  obtained.  Although  the  Intensity 
of  this  fluorescent  bean  Is  less  than  the  primry  beam, 
and  suffers  the  disadvantages  mentioned  previously, 
this  technique  allows  certain  measurements  to  be  made 
that  cannot  be  maide  with  a  continuum  spectrum. 


Fig,  12.  Typical  calibratioo  data  for  an  x-ray  mirror. 
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Fig.  11.  Typical  calibration  data  obtained  using  the 
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Filtered  beam.  Low-energy  tail  is 
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First  reflection  of  beam.  Only 
X  rays  below  the  cut-off  energy 
are  reflected.  Thus,  the  high-energy 
edge  of  the  energy  bin  is  defined. 

Second  reflection  of  beam.  The  low- 
energy  edge  of  the  energy  bin  is  defined. 


Measured  portion  of  the  spectrum. 
The  energy  bin,  between  the  high  and 
low  energy  edges,  is  absorbed  into 
the  scintillator  and  measured  by  the 
photomultiplier  tube.  The  size  and 
location  of  the  bin  can  be  moved, 
by  changing  angles.  Thus,  the  entire 
spectrum  can  be  measured. 


Fig.  13.  Results  obtained  when  a  contlnuuB  spectrum  Is  reflected  from  tvo  x-ray  mirrors  mounted  In  the  Compound 
Ck>nlometer  -  Henhe  Tube  Source  Facility. 
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CALCULATION  OF  SPECTRA  FROM  ELECT RON- IMPACT  X-RAY  SOURCES 
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2  6 

Techniques  and  results  for  calculation  oF  x-ray  line  and  continuum  spectra  in  the  TO  -10  eV  region 
are  reviewed.  Most  sttention  is  given  to  the  variety  of  methods  for  computation  of  ordinary  line  and 
continuum  spectra  due,  respectively,  to  bound-bound  and  free-free  (bremsst rah lung)  transitions. 
Recent  work  on  coherent  bremsst rahlung,  channeling  radiation  and  transition  radiation  is  also  noted. 


I.  INTRODUCTION 

X-ray  tubes  and  other  devices  in  which  x-rays  are 
produced  by  the  impact  of  electrons  on  solid  targets 
are  widely  used.  Areas  of  application  include  radio¬ 
graphy  (for  medical  purposes  snd  non-destructive 
testing  of  structures),  analysis  of  the  composition  and 
structure  of  materisls,  study  and  production  of  radia¬ 
tion  effects  (including  radiation  therapy  and  x-ray 
lithography),  and  the  calibration  of  instruments  (for 
the  above  areas,  for  plasma  diagnostics,  and  for 
astrophysical  measurements). 

Measurements  of  x-ray  spectra  from  electron-impact 
sources  have  been  published.  A  sample  of  the  available 
publications  can  be  found  in  references  1-7.  However, 
the  experiments  are  tedious  and  there  are  many  para¬ 
meters  (electron  energy,  target  material,  incidence  and 
emergence  angles,  etc.)  Calculations  of  x-ray  spectra 
can  be  performed  quickly  and  cheaply  with  accuracy 
adequate  for  many  applications. 

This  paper  is  a  review  of  various  methods  of 
calculating  both  line  and  continuum  spectra  due  to 
electron  impact.  There  are  two  major  divisions  of  this 
review.  The  first  deals  with  the  familiar  inner-shell 
line  and  bremsstrahling  continuum  spectra  due  to 
electron  impact  on  solids.  Models  for  spectral  cal¬ 
culations  and  the  parameters  which  go  into  them  are 
surveyed.  Then  representative  results  are  presented 
and  compared  with  measurements.  Work  in  this  first 
area  deals  with  the  more  "classical"  x-ray  spectra  and 
has  a  long  history.  The  second  major  part  of  the  paper 
briefly  reviews  processes  which  are  being  given  increas¬ 
ing  consideration  as  x-ray  sources.  These  include 
coherent  bremsstrahlung,  channeling  radiation  and 
transition  radistion,  which  can  be  produced  by  either 
electrons  or  positrons.  Long-wavelength  spectra 
produced  by  electron  impact  on  solids  and  x-ray  spectra 
due  to  .  ‘illiaons  of  electrons  with  free  fields  are 
mentioTje.',.  in  the  final  section.  Included  there  are 
general  observations  relevant  to  this  survey. 

II.  LINE  AND  CONTINUUM  SPECTRA 
A.  Calculation  Methods 

All  models  for  the  calculation  of  x-ray  spectra 
need  to  be  able  to  handle  electron  transport,  x-ray 
generation,  and  x-ray  transport.  Three  types  of 
mathematical  techniques  have  been  used  to  accomplish 
these  tasks.  The  simplest  and  least  expensive  are 
analytical  models  based  on  methods  developed  for  use 
in  x-ray  fluorescence  analysis  and  electron  microprobe 
analysis  (8,9).  More  complex  are  numerical  solutions 
of  the  Boltzmann  equation  (10).  This  approach  is  more 
rigorous  and  flexible,  but  more  expensive.  Finally, 
Monte  Carlo  modeling  may  be  used  (11-13).  This  is 
the  approach  of  choice  for  problems  involving  complex 
geometry  (which  Justifies  the  increased  cost  of  Monte 
Carlo  calculations).  A  summary  of  the  characteris¬ 
tics  of  each  of  these  methods  is  given  in  Table  I. 

The  analytical  (semi-empirical)  models  have  been 
most  extensively  applied  and  tested  for  use  in  electron 
microprobe  analysis.  In  this  field,  which  is  princi¬ 
pally  concerned  with  lines  (rather  than  continuum) 
these  types  of  models  are  commonly  referred  to  as 
the  ZAF  approach.  The  content  of  this  name  is  based  on 
the  assumption  that  the  problem  can  be  separated  into 
three  independent  parts.  They  are,  the  effect  of 
target  atomic  number  (Z)  on  x-ray  generation,  the 
effect  of  target  material  and  geometry  on  the  absorp- 
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TABLE  I 

Summary  of  The  Three  Main  Technigues  for  Calculation  of 
Electron  Impact  X-Ray  Spectra 


ELECTRON 

TRANSPORT 

ORIGINS 

COST 

CAPABILITY 

Semi- 

empericsl 

X-ray  fluorescence 
and  micro-beam 
probe  analysis 

Least 

expen¬ 

sive 

Simple 

specimen 

geometry 

Solution  of 
Boltzmann 
equat ion 

Radiation 

physics 

Inter¬ 

mediate 

cost 

Inter¬ 

mediate 

cap¬ 

ability 

Monte 

Carlo 

Radistion 

physics 

Most 

expen¬ 

sive 

Best  for 

complex 

geometry 

tion  (A)  of  radiation  prior  to  emergence,  and  the 
contribution  to  line  intensity  due  to  fluorescence  (F) 
by  the  bremsstrahlung  continuum.  This  analysis  of  the 
problem  is  originally  due  to  Castaing  (14).  More 
recent  reviews  have  been  given  by  Martin  and  Poole  (8) 
and  by  Reed  (9).  In  addition,  Criss  (13)  has  developed 
a  semi-empirical  model  for  the  output  intensity  of  an 
x-ray  tube  which  he  has  applied  to  x-ray  fluorescence 
analysis.  Results  from  the  Criss  TUBE  program  (16)  will 
be  presented  in  Section  IIC  of  this  paper.  Of  the 
methods  discussed  in  this  paper,  the  semi -empirical 
methods  are  the  most  approximate.  On  the  other  hand, 
they  are  very  closely  tied  to  experimental  data  and, 
hence,  their  results  are  often  very  good. 

Brown  and  coworkers  (4,3,7,10)  have  used  a  numeri¬ 
cal  solution  of  the  Boltzmann  equation  to  solve  the 
problem  of  electron  transport  within  the  target.  Oiven 
the  resulting  electron  distribution,  the  problems  of 
x-ray  generation  and  x-ray  absorption  can  be  solved. 
This  approach  is  much  more  parallel  to  the  actual 
physical  processes  of  x-ray  generation  and  can  be 
expected  to  be  more  accurate  than  the  ZAF  model. 
Results  from  a  transport  equation  program  (TEP)  will  be 
presented  also  in  Section  ITC.  The  TEP  has  been 
applied  to  problems  involving  x-ray  generation  in 
planar  (slab)  targets. 

The  Monte  Carlo  approach  to  calculating  x-ray 
production  (13)  is  identical  to  that  used  in  the  TEP 
described  above  except  that  the  electron  transport  is 
handled  using  a  Monte  Carlo  calculation  rather  than  by 
solving  the  Boltzmanh  equation.  Exactly  the  same 
physics  is  included.  There  are  two  exceptions  to  this 
assertion  which  may  be  important.  First,  those 
Monte  Carlo  codes  designed  to  operate  in  the  very  high 
energy  region  (above  about  1  MeV)  may  handle  x-ray 
transport  with  a  Monte  Carlo  calculation  in  order  to 
treat  Compton  scattering.  X-ray  transport  below  the 
Compton  scattering  region  will  be  discussed  in  Section 
I  IB,  below.  Secondly,  what  we  have  said  about  Monte 
Carlo  codes  applies  to  those  using  the  "condensed 
history"  approximation  (13).  There  is  some  work  with 
codes  which  attempt  to  follow  individual  scattering  and 
energy  loss  interactions.  These  codes  are  costly 
to  run,  but  they  have  unique  features  for  some  pro¬ 
blems.  Examples  of  such  calculations  are  found  in  the 
work  of  Shimizu  and  coworkers  (17,18).  There  are  a 
number  of  computer  codes  which  calculate  x-ray  genera¬ 
tion  using  the  condensed  history  approximation.  Among 
the  better  known  are  ETRAN  (11,12)  and  SANDYL  (19).  die 
will  quote  some  of  the  results  of  ETRAN  in  Section  ITC. 
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S.  Physical  Processes 

Each  of  the  three  major  calculation  methods 
treatSi  in  greater  or  lesser  degree  of  approximation, 
seven  physical  processes.  These  seven  processes,  and 
something  of  the  interrelation  between  them,  are  indi¬ 
cated  in  Fig.  1 . 

We  have  briefly  discussed  electron  transport 
calculation  methods  in  Section  IIA.  All  of  the  trans¬ 
port  calculation  methods  need  a  formulation  for  elec¬ 
tron  energy  loss.  A  simple  formulation  for  electron 
energy  loss  which  is  frequently  useful  (14)  is 

dF/dx  =  -1840  6  p(22/A)  (1) 

where  E  is  the  electron  energy  in  kev  and  x  is  the 
distance  along  the  electron  trajectory  in  cm.  Also, 
6=v/c  where  v  is  the  electron  velocity  (cm/aec),  and 

pis  the  target  density  (gm/cm^).  Further  treatment 
of  this  problem  can  be  found  in  references  20-22.  The 
Boltzmann  equation  and  Monte  Carlo  treatments  of 
electron  transport  also  require  a  formulation  for 
electron  scattering.  The  most  simple  relationship  for 
electron  scattering  is  the  screened  Rutherford  cross 
section  (10) 

a(a)  =  (Z^eV4mV)(ain^(a/2)+  Y^)'^  (2A) 

where  o  is  the  cross  section  for  scattering  through 
angle  a.  The  damping  factor  Y  may  be  found  from 

Y  =  0.21u(z’''’/E^'^^)  (28) 

where  v  is  an  empirical  constant  of  the  order  of  one. 
Further  treatment  of  electron  scattering  can  be  found 
in  the  review  of  Massey  (23). 


EMITTED  EMITTED 

CONTINUUM  LINE 

SPECTRUM  SPECTRUM 

Fig,  1.  The  seven  physical  processes  which  must  be 
treated  in  the  calculation  of  electron-impact  x-ray 
spectra. 

Cross  sections  for  bremsstrshlung  generation  by 
electrons  have  been  calculated  with  a  fair  ammount  of 
rigor  in  recent  years  and  have  been  published  in 
tabular  form  by  Pratt  and  coworkers  (24,25).  An 
equation  which  is  a  fit  to  the  more  approximate  Somraer- 
feld  solution  has  been  presented  by  Kirkpatrick  and 
Wiedmann  (26).  A  very  simple  equation  for  bremsstrah- 
lung  production  which  is  often  useful  (27)  is 

Ip  s  2.76X1U"*  Z  (E  -E)  (3) 

t  0 


where  is  the  kev  generated  per  kev  energy  interval 
per  incident  electron  of  energy  E^.  Note  that  Eqn.  3 

givea  a  spectral  distribution  which  must  be  cor¬ 
rected  for  absorption  of  photons  on  their  path  out  of 
the  target.  Note  also  that  Eqn.  3  implies  that  the 
spectral  distribution  (prior  to  absorption)  is  iso¬ 
tropic.  This  is  a  fsir  first  approximation  for  targets 
which  are  thick  to  electrons  because  the  electrons  are 
highly  scattered  and  thus  assume  a  roughly  isotropic 
distribution.  This  is  not  a  good  approximation  for 
electrons  incident  on  an  electron-thin  foil.  Results 
for  such  a  case  will  be  quoted  below.  A  review,  now 
somewhat  dated,  of  bremsstrahlung  cross  section  theory 
and  data  has  been  presented  by  Koch  and  Motz  (ZB).  It 
is  not  easy  to  assess  the  accuracy  of  the  available 
bremstrahlung  cross  sections.  Some  comparison  with 
experimental  data  is  given  in  the  references  already 
cited.  Also  we  will  compare  the  results  of  using  some 
of  these  cross  sections  in  Section  IIC.  Additional 
comparisons  can  be  found  in  references  5  and  7. 

Cross  sections  for  inner  shell  ionization  by 
electrons  have  been  most  recently  reviewed  by  Powell 

(29) .  A  simple  equation  for  the  cross  section  which 
hss  frequently  been  useful  (27)  is 

Q^E^  =  7.92x10'^°  U'^  InU  (4) 

where  Q„  is  the  K-shell  ionization  cross  section  in 
2  ^ 

cm  ,  E|^  is  the  K-shell  ionization  energy  in  kev, 
the  overvoltage  U=E/E|^,  and  E  is  the  electron  energy. 
The  cross  section  for  and  shells  is  similar, 
while  for  shells  the  constant  should  be  doubled. 

For  high  overvoltages,  the  treatment  of  Kolbenstvedt 

(30)  may  be  useful.  There  is  very  little  data  avail¬ 
able  for  testing  the  available  cross  sections  for  K- 
shell  ionization,  still  leas  for  L-shell  ionization, 
and  none  for  higher  shells.  Additional  discussion  of 
ionization  cross  sections  may  be  found  in  references  4, 
27,  and  31.  A  comparison  with  experimental  data  of  the 
results  of  using  several  of  the  available  cross  sec¬ 
tions  is  given  in  Section  IIC.  Additional  comparisons 
are  to  be  found  in  reference  4. 

Line  generation  due  to  fluorescence  by  the  con¬ 
tinuum  has  been  treated  in  some  detail  in  the  litera¬ 
ture.  Cosslett  and  Green  (27)  have  given  a  fairly 
simple  treatment.  A  more  elaborate  presentation, 
designed  for  use  in  microbeam  probe  analysis  has  been 
given  by  Henoc  (32).  The  contribution  to  line  intensity 
is  typically  less  than  a  few  percent  for  electron 
energies  of  50  kev  and  below,  but  may  constitute  a 
major  fraction  of  the  line  intensity  for  electron 
energies  of  500  kev  and  up. 

After  the  initial  ionization  by  electron  impact  or 
by  bremsstrahlung  fluorescence,  the  various  L,  M,  etc. 
subshell  ionizations  undergo  reorganization  by  Coster- 
Kronig  processes.  In  addition,  only  a  fraction  of 
the  energy  stored  in  inner  shell  ionizations  is  trans¬ 
ferred  to  line  photons.  The  remaining  energy  is 
carried  away  by  Auger  electrons.  The  most  current 
review  of  the  interaction  coefficients  necessary  to 
treat  these  processes  is  that  of  Bambynek  and  coworkers 
(33).  The  K-ahell  coefficients  for  atomic  numbers 
below  about  10  and  the  L-phell  coefficients  for  atomic 
numbers  below  about  30  are  questionable. 

Photons  of  energies  below  about  1  MeV  (or  perhaps 
a  bit  lower  for  low  atomic  numbers)  may  reasonably  be 
assumed  to  travel  along  straight  line  paths  while  being 
attenuated  by  photoelectric  absorption.  The  attenua¬ 
tion  may  be  treated  using  the  usual  exponential  falloff 
relationship.  Tabulations  of  attenuation  coefficients 
which  may  prove  useful  are  references  34-38.  It  should 
be  noted  that  only  some  of  tabulations  are  available  in 
a  form  convenient  for  computer  usage;  only  some  are 
useful  below  1  kev;  and  only  some  contain  scattering 
coefficients  along  with  the  photoelectric  absorption 
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coefficients.  Care  is  required  in  the  choice  of  the 
most  reliable  tabulation  to  be  used  for  a  given  problem. 

C.  Sample  Data 

We  will  now  present  a  comparison  with  experimental 
data  of  the  calculation  methods  outlined  in  Section 
II.  Figure  2  compares  results  of  TUBE  program  calcula¬ 
tions  for  low  atomic  number  targets  at  low  electron 
beam  energies  with  corresponding  measurements. 
This  figure  demonstrates  the  dependence  of  line  inten¬ 
sity  on  electron  beam  energy.  Although  the  electron 
energy  dependence  shows  the  same  shape  for  calculation 
and  experiment,  the  absolute  magnitude  of  the  inten¬ 
sities  differ  by  a  maximum  of  about  a  factor  of  two  for 
A1  Ka  .  The  reason  for  this  disagreement  is  not 
known. 

Figures  3  and  4  present  and  La  intensities 
as  function  of  the  energy  of  the  line.  Intensities 
calculated  by  the  TUBE  and  TEP  programs  are  compared 
with  low  energy  line  measurements.  The  factor  of 


Fig.  2.  The  intensity  of  several  low  energy  lines 
versus  the  energy  of  the  incident  electrons.  The  solid 
lines  are  the  data  of  Henke  (39,40).  The  dashed  lines 
are  the  calculations  of  the  TUBE  program. 

two  disagreement  with  Henke's  A1  data  (at  1.5  keV)  is 
observed  again.  Note  that  the  TUBE  and  TEP  programs 
give  about  the  same  answer  for  this  A1  data.  It  will 
be  observed,  on  the  other  hand,  that  the  agreement 
between  calculations  and  the  x-ray  tube  measurements  is 
within  30  S. 

Figures  5-B  give  similar  comparisons  for  continuum 
intensities.  In  Figures  5,  6,  and  7  we  present  TEP  and 
TUBE  program  calculations  of  the  continuum  from  Cr,  Rh, 
and  W  target  x-ray  tubes  operated  at  45  KV,  conpared 
with  available  experimental  data.  The  agreem* " ' 
between  calculation  and  experiment  is  seen  to  be  qu 
good  (within  30  %) .  Also  in  Figs.  5-7  we  have  given  l 
indication  of  the  effect  of  a  window  on  the  low  energy 
output  of  a  sealed  x-ray  tube. 
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Fig.  3.  The  intensity  of  several  Ka  lines  versus  the 
energy  of  the  line.  The  open  circles  and  the  dashed 
lines  represent  the  calculations  of  the  TEP  and  TUBE 
programs,  respectively.  The  solid  hexagons  and  tri¬ 
angles  are  experimental  data  from  Brown  and  Gilfrich 
(4;  and  from  Henke  (39,  40)  respectively. 
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Fig.  4.  The  intensity  of  several  La  lines  versus  the 
energy  of  the  lines.  The  symbols  in  this  figure  have 
the  some  significance  as  in  Fig.  3. 


Figure  B  shows  TEP  calculations,  ETRAN  calcula¬ 
tions  (11),  and  the  exper intent al  data  of  Bsggerly  et 

2 

al.  (1)  for  the  continuum  from  a  1.878  gm/cm  (7.0  mm) 
thick  slab  of  Al  bombarded  with  2  MeV  electrons.  Note 
that  there  is  only  agreement  within  about  a  factor  of 
three.  The  reason  for  the  disagreement  is  not  known. 
Further  experimental  and  theoretical  work  would  be 
necessary  to  reduce  the  gap.  For  these  experiments 
and  calculations,  the  electron  beam  was  incident 
normal  to  the  surface  of  the  Al  foil.  The  quoted 
measured  spectrum  was  for  a  15  angle  with  respect 
to  the  exiting  electron  beam.  This  is  a  case  where  the 
escaping  bremsstrahlung  spectrum  is  highly  anisotropic 
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Fig.  5.  The  continuum  spectrum  intensity  from  Cr 
targets  bombarded  with  45  keV  electrons.  The  dashed 
lines  show  the  calculations  of  the  TUBE  program.  The 
solid  hexagons  represent  both  TEP  program  calculations 
and  the  experimental  data  of  Brown  et  al.  (7). 


Eig.  7.  The  continuum  spectrum  intensity  from  W 
targets  bombarded  with  45  keV  electrons.  The  solid 
lines  represent  the  experimental  data  of  Brown  et  al. 
(7).  The  dashed  lines  represent  the  calculations  of 
the  TUBE  and  TEP  programs,  respectively. 


Eig.  6.  The  continuum  spectrum  intensity  from  Rh 
targets  bombarded  with  45  keV  electrons.  The  solid 
lines  represent  the  experimental  data  of  Gilfrich  et 
al.(41),  normalized  using  the  experimental  data  of 
Brown  and  Gilfrich  (4).  The  dashed  lines  and  open 
circles  represent  the  calculations  of  the  TUBE  and  TEP 
programs,  respectively. 

The  calculated  intensity  is  down  an  order  of  magnitude 

at  60°  and  down  two  orders  of  magnitude  at  120°  with 
respect  to  the  existing  electron  beam.  This  anisotropy 
is  not  due  to  absorption,  but  rather  to  the  fundamental 
anisotropy  of  the  bremsstrahlung  generation  process. 


Fig.  6.  Continuum  spectrum  intensities  from  a  thin  Al 
target  bombarded  with  2  MeV  electrons.  This  figure  is 
patterned  after  one  due  to  Berger  and  Seltzer  (11)  who 
compared  their  ETRAN  Monte  Carlo  calculations  (histo¬ 
gram)  with  the  experimental  data  of  Baggerly  et  al. 
(1)  (dashed  lines).  We  have  added  calculations  made 
with  the  TEP  program  (solid  lines). 

In  Fig.  9  we  present  TEP  program  calculations  of 
the  continuum  spectrum  of  a  thick  W  target  bombarded  at 
a  45“  incidence  angle  with  electrons  of  ^5,  100,  and 
500  keV.  The  emergence  angle  was  also  45°.  In  Table 
It  we  summarize  the  total  output  in  continuum,  K  lines, 
and  L  lines. 
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TAaE  II 

Computed  X-Ray  Output  from  a  Tungaten  Target 


ELECTRON 

CONTINUUM 

K-LINE 

L-LINE 

ENERGY 

OUTPUT 

OUTPUT 

OUTPUT 

45 

2.35x10'^ 

A 

.71x10’2 

100 

500 

4.11x10'^ 

16.5x10"^ 

.i5xio:^ 

1.38x10 

.69x10  4 
.12x10 

(The  output  is  in  units  of  kev  per  steradian  out  per 
kev  of  electron  energy  input) 


Fig.  9.  Continuum  spectral  intensities  from  a  W  target 
bombarded  with  45,  100,  and  500  keV  electrons.  The 
electron  incidence  angle  and  the  photon  emergence  angle 
were  both  45° . 

III.  OTHER  ELECTRON-IMPACT  SPECTRA 


The  classical  line  and  ordinary  bremsstrabhlung 
continuum  spectra  discussed  in  the  last  section  were 
the  first  x-ray  spectra  generated  and  have  been  heavily 
studied  as  well  as  used.  Other,  less-familiar  x-ray 
spectra  produced  by  the  impact  of  electrons  (and 
positrons)  on  solids  are  reviewed  briefly  in  this 
seri  an.  Coherent  bremsstrahlung  and  channeling 
radiation,  treated  in  the  next  two  subsections,  are 
conceptually  distinct  but  closely  related.  They  can  be 
produced  in  the  same  experiment  and  are  observed  to 
overlap  each  other.  They  are  discussed  separately 
here  because  the  literatures  on  such  spectra  are 
generally  distinct;  studies  of  these  spectra  have 
very  different  histories.  Transition  radiation  is  the 
third  topic  treated  in  this  section. 


from  the  interaction  of  an  electron  with  the  field  of  a 
single  nucleus.  That  is,  contributions  from  other 
nuclei  are  separate  and  one  adds  intensities  to  get  the 
total  radiation  field.  Coherent  bremsstrahlung  is  due 
to  interaction  of  an  electron  with  the  fields  of  two  or 
more  nuclei,  when  the  collision  frequency  is  compar¬ 
able  to  the  frequency  of  the  emitted  radiation.  For 
relativistic  electrons  with  velocity  near  c,  passing 
atoms  at  ordinary  spacings,  the  collision  frequency  of 
1 B 

10  Hz  corresponds  to  x-ray  energies.  In  this  case, 
amplitudes  from  the  various  collisions  have  to  be  added 
(coherently,  that  is,  with  proper  attention  to  phases) 
in  order  to  compute  the  emitted  intensity.  Coherent 
bremsstrahlung  spectra  from  crystalline  targets  have 
shapes  which  refect  the  character  of  the  target. 
Electrons  travelling  in  crystals,  even  at  very  high 
energies,  are  Bloch  waves  which  have  energy-momentum 
relations  (energy  bands)  due  to  diffraction  from  the 
lattice.  Electron  momenta  before  and  after  the 
interactions  which  generate  coherent  bremsstrahlung  are 
related  by  reciprocal  lattice  vectors,  as  in  ordinary 
electron  and  x-ray  diffraction.  This  constraint 
introduces  structure  into  coherent  bremsstrahlung 
spectra.  They  consist  of  peaks,  in  contrast  to  the 
smooth  continuum  of  ordinary  bremsstrahlung. 

The  ideas  fundamental  to  coherent  bremsstrahlung 
began  with  the  work  of  Williams  in  1935  (42).  Two 
decades  later,  liberal  1  computed  spectra  (43)  which  lead 
to  development  and  use  of  sources  of  coherent  brems¬ 
strahlung.  Such  spectra  have  been  of  greatest  interest 
in  high-energy  physics  since  approximately  monochro¬ 
matic  beams  of  very  energetic  (GeV)  photons  can  be 
produced  with  proper  attention  to  crystal  orientation 
and  beam  collimation  (44).  Coherent  bremsstrahlung  in 
the  few  keV  range  has  been  abserved  with  electrons  in 
30-80  keV  range  incident  on  LiF  crystals  about  0.1  mm 
thick  (45).  Coherence  effects  on  bremsstrahlung 
production  have  been  reviewed  (46,47). 

The  theory  and  calculation  of  coherent  bremsstrah¬ 
lung  spectra  are  well  developed  (43,44,46).  An  example 
of  a  calculated  spectrum  with  intermediate  electron  and 
photon  energies  in  given  in  Fig.  10  (48).  Measured 
spectra  do  not  contain  the  sharp  features  shown  in  Fig. 
10  due  to  electron  scattering  (45,  46). 


Fig.  10.  Coherent  bremsstrahlung  spectrum  computed  for 
1.5  MeV  electrons  moving  parallel  to  the  (luo)  direc¬ 
tion  in  single  crystal  silicon  (48).  The  units  of 
intensity  are  (E/  o  ^)  (do/dE)  where  E  is  the  photon 

energy,  is  the  Thomson  scattering  cross  section 
and  a  is  the  coherent  bremsstrahlung  cross  section, 

8.  Channeling  Radiation 


A.  Coherent  Bremsstrahlung 

Nowadays,  the  word  "coherent"  brings  to  mind  laser 
radiation,  but  coherent  bremsstrahlung  is  not  produced 
by  stimulated  emission,  Ordinary  bremsstrahlung  arises 


When  electrons  or  positrons  are  shot  into  highly- 
perfect  crystals  with  little  spread  about  the  precise 
directions  of  lines  or  planes  of  atoms,  the  conditions 
are  correct  for  production  of  channeling  radiation  in 


the  x-ray  region.  In  all  cases  (electrons  or  posi¬ 
trons,  atomic  strings  or  planes),  the  charged  particles 
find  themselves  in  potential  wells  with  quantum  levels 
between  which  transitions  in  the  x-ray  region  can 
occur.  Electrons  travelling  along  and  oscillating 
around  rows  or  planes  of  atom  cores  are  bound  in  two  or 
one  dimension  by  the  positive  charges  of  the  nuclei. 
The  potential  is  cusp  shaped,  with  series  of  unevenly- 
spaced  levels,  transistions  between  which  yield  several 
x-ray  peaks.  Positrons  travelling  along  and  oscillat¬ 
ing  between  planes  of  atoms  are  repulsed  by  the  sheets 
of  positive  nuclear  charge.  They  experience  a  poten¬ 
tial  which  is  approximately  harmonic.  It  has  almost 
evenly-spaced  energy  levels,  so  that  the  channeling 
radiation  spectra  from  positrons  consists  of  a  single 
peak  which  is  the  superpositon  of  various  transitions. 
Figure  11  gives  schematic  potentials  and  measured 
spectra  for  channeled  leptons  (49). 


ELECTRONS  POSITRONS 


10  100  1000  10  100  1000 


X-RAY  ENERQY  <k«V) 

Fig.  11.  Schematic  potentials  and  energy  levels  (top) 
and  measured  spectra  (bottom)  for  electrons  (left)  and 
positrons  (right)  channeled  by  silicon  (110)  planes 
(49).  The  right-hand  peak  in  the  positron  spectrum  is 
extraneous  (it  is  Pb  K  radiation  from  shielding). 

The  history  of  ion  and  lepton  channeling  has  been 
reviewed  (50).  The  experimental  study  of  radiation 
emitted  by  channeled  leptons  is  comparatively  recent. 
Spectra  were  first  obtained  with  the  use  cf  positrons 
(51)  and  then  electrons  (52).  Particle  energies  in  the 
initial  work  were  in  the  range  of  tens  of  MeV  with 
peaks  in  the  x-ray  spectra  occurring  primarily  in  the 

50  to  200  keV  region.  More  recently,  electron  energies 
near  1-4  MeV  were  employed  to  yield  channeling  radia¬ 
tion  spectra  as  a  function  of  the  particle  incidence 
angle  relative  to  the  crystalline  lattice  (53). 

The  theory  of  channeling  radiation  is  just  the 
theory  of  spontaneous  transition  between  bound  states. 
Given  the  potentials,  the  energy  levels  and  transition 
energies  are  calculable.  The  reverse  procedure  has 
been  employed,  in  which  measured  peaks  were  used  to 
obtained  potentials  for  planar  (54)  and  axial  (55) 
channeled  electrons.  Such  empirical  potentials  should 
be  compared  with  potentials  computed  from  electron 
distributions  available  from  x-ray  diffraction  measure¬ 
ments  or  solid-state  theory  (56).  The  intensity 
calculated  for  2p-1s  transitions  of  4  MeV  electrons  in 

51  (111)  was  found  to  be  consistent  with  measurements 
assuming  a  maximum  2p  state  population  of  5%  (53). 
Spectra  computed  for  56  MeV  electrons  in  5i  (110) 
planes  were  also  found  to  agree  with  experiment  (57). 

Channeling  radiation  is  due  to  bound-to-bound 
transitions.  Free-to-bound  transitions  for  chan¬ 
neled  electrons  are  possible  in  principle,  although 
they  have  not  been  obierved.  They  link  the  transitions 
measured  so  far  with  channeled  electrons  to  the 
free-to-free  transitions  giving  rise  to  bremsstrahlung. 
A  single  formulation  including  both  coherent  brems¬ 
strahlung  and  channeling  radiation  is  possible  (H. 
liberal  1,  private  communication). 


C.  Transition  Radiation 

When  an  energetic  electron  or  positron  encounters 
an  interface  between  vacuum  or  gas  and  a  solid,  or  the 
interface  between  two  solids,  it  experiences  a  change 
in  potential  which  leads  to  the  generation  of  transi¬ 
tion  radiation,  l onceptual  ly ,  the  mechanism  for 
production  of  transition  radiation  is  similar  to  that 
for  ordinary  bremsstrahlung  but  the  geometry  of  the 
accelerating  field  is  different.  Another  way  to  view 
the  generation  of  transition  radiation  is  to  consider 
the  disappearance  of  the  dipole  formed  by  the  ap¬ 
proaching  particle  and  its  mirror  charge  as  the  par¬ 
ticle  penetrates  the  interface. 

The  initial  theoretical  study  of  transition 
radiation  was  reported  in  1946  (5b).  Only  in  the 
1960‘s  did  significant  experimental  observations  of 
this  radiation  become  available.  Interest  in  detectors 
for  GeV-range  electrons  and  positrons  which  would 
exploit  transition  radiation  was  high  in  the  197U's. 
Periodic  multiple-foil  as  well  as  single-foil  radia¬ 
tions  were  studied  (59,60).  Photon  energies  ranging  up 
to  and  beyond  100  keV  were  obtained  with  high-energy 
(GeV)  leptons.  Recently,  low  electron  energies  (3-10 
keV)  were  employed  to  produce  transition  radiation 
spectra  in  the  6-10  eV  region  (61). 

The  theory  of  transition-radiation  emission  is 
well  developed  (47).  Theoretical  calculations  are 
often  made  in  conjunction  with  measurements  (59,60). 
In  the  recent  past,  the  possibility  of  employing 
microstructures  with  multiple  thin  (-10  pm)  layers 
was  explored  calculationally  (62).  Fi^.  12  gives  a 
spectrum  from  the  work.  Structure  due  to  coherence 
effects  is  evident.  Electron  scattering  and  interface 
roughness  are  expected  to  produce  smoother  experimental 
spectra. 
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Fig.  12.  Computed  transition  x-ray  spectrum  for  4.5 
GeV  electrons  penetrating  2B  pairs  of  22.7  pm  lithium 
and  7.4  pm  cpi bon  foils  (62). 

Conceptually,  as  the  layer  thickness  decreases  to 
that  of  ordinary  crystal  lattice  dimensions  and  as  the 
incidence  angle  changes  from  9U°  (normal)  to  0°,  the 
situation  for  generation  of  transition  radiation  should 
go  over  into  that  for  emission  of  bremsstrahlung  and 
channeling  radiation.  Production  of  a  unified  theory 
of  x-radiation  emission  by  electron  and  positron 
impact  on  snlids  remains  for  the  future. 

IV.  OISCUSSION 

Examination  of  the  work  reviewed  above  leads  to 
some  general  observations  on  the  status  of  capabilities 
for  the  calculation  of  impact-generated  x-ray  spectra, 
and  makes  clear  what  might  be  done  to  further  the 
field.  The  situations  for  ordinary  line  and  bremsstrah¬ 
lung  spectra  and  fo.  coherent  bremsstrahlung,  channel¬ 
ing  radiation  and  transition  radiation  are  summarized 
in  the  next  paragraphs.  Other  related  work  is  men¬ 
tioned  at  tiie  end. 


Concerning  computation  of  line  and  ordinary 
bremsstrahlung  emission,  a  variety  of  means  exists  to 
calculate  spectra  with  accuracy  adequate  for  many 
uses.  There  is  a  clear  tradeoff  between  the  versatility 
and  cost  (complexity)  of  the  various  approaches.  At 
present,  the  codes  have  been  applied  primarily  to 
relatively  simple  geometries  with  well-defined  electron 
incidence  angles  and  x-ray  emission  directions.  Some 
of  the  codes  can  be  applied  to  more  complex  situations, 
such  as  the  generation  of  x-rays  by  beta  rays  from 
radioactive  sources  (63).  We  have  discussed  steady- 
state  sources,  although  the  various  x-ray  generation 
codes  can  be  used  to  produce  flash  x-ray  spectra  if  the 
time  histories  of  the  electron  voltage  and  current  are 
known.  This  has  been  done  with  the  Boltzmann  transport 
code  (64). 

Concerning  the  other  types  of  x-ray  spectra 
due  to  the  impact  of  leptons  on  solids,  a  great  deal  of 
progress  has  been  made  both  theoretically  and  experi¬ 
mentally  in  recent  years.  It  should  be  possible  to 
produce  a  comprehensive  theory  which  would  include  all 
the  types  of  spectra  discussed.  Input  variables  to  a 
specific  calculations  would  be  the  presence  and  distri¬ 
bution  of  matter,  and  its  or  other  fields.  The  result¬ 
ing  unification  of  much  of  modern  photonics  would  be 
intellectually  satisfying.  It  might  also  be  practi¬ 
cally  important  if  channeling  radiation  and  transition 
radiation  from  multilayers  prove  to  be  usefully  bright 
or  otherwise  unique  x-ray  sources.  Experiments  in  the 
near  future  will  show  how  sources  based  on  these 
mechanisms  compete  with  bremsstrahlung,  synchrotron 
radiation  and  plasma  sources. 

Several  useful  reviews  of  x-ray  sources  are 
available.  One  concentrates  on  rotating-anode  sources 
(63).  Another  review  compares  conventional  and 
synchrotron-radiation  sources  (66).  Electron-impact 
and  plasma  flash  x-ray  sources  have  been  surveyed  also 
(67).  Recent  work  aimed  at  the  development  of  x-ray 
lasers,  including  a  comparison  of  synchrotron  radia¬ 
tion,  plasma  radiation  and  potential  x-ray  laser 
intensities,  is  available  (68). 

We  have  discussed  x-ray  spectra  produced  by  the 
impact  of  electrons  and  positrons  on  solids.  It  is 
worth  noting  that  impacts  on  solids  also  produce 
longer-wave  length  spectra.  Cherenkov  radiation  due  to 
the  passage  of  very  fast  particles  through  matter  is 
one  examole.  The  predicted  but  not -observed  emission  of 
shock  radiation  due  t  i  I  he  simultaneous  presence  of  a 
laser  radiation  '  11  and  matter  is  a  second  instance. 
We  also  pause  to  obseive  that  the  presence  of  matter 
with  its  associated  fields  is  not  necessary  for  the 
production  of  x-ray  spectra  by  electrons  and  positrons. 
The  collision  of  leptons  with  externally-applied  fields 
is  well-known  to  yield  x-ray  continua.  Magnetic 
bremsstrahlung,  usually  called  synchrotron  radiation, 
is  a  major  example.  The  collision  of  leptons  with 
low-energy  photons  will  produce  x-ray  specta  by  the 
inverse  Compton  mechanism.  Free-electron  lasers 
operate  on  the  basis  of  stimulated  inverse  Compton 
scattering,  where  the  photon  field  is  sometimes  pro¬ 
duced  by  the  Lorentz  transformation  (into  the  moving 
frame  of  the  lepton)  of  a  statin  magnetic  field. 
Operation  of  a  free-electron  laser  at  x-ray  wavelengths 
is  possible  in  principle,  but  will  be  difficult 
to  demonstrate.  Recent  work  on  free-electron  lasers 
and  related  topics  is  conveniently  available  in  book 
form  (69). 
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ABSTRACT 

The  soft  x-ray  emission  in  the  front  and  the  rear  side  of  a  gold  foil  target 
irradiated  by  0.53  um  and  1.06  um  lasers  was  observed.  Radiation  temperature 
and  its  laser  Intensity  dependence  were  investigated  in  comparison  with  the 
backbody  radiation.  The  preliminary  results  for  a  10.6  um  case  is  also  re¬ 
ported.  The  ablation  depth  for  high-Z  targets  is  discussed. 


INTRODUCTION 

Radiation  emitted  in  a  laser  produced  hlgh-Z  plasma 
plays  a  very  important  role  in  energy  balance  and  abla¬ 
tion  behavior  in  the  laser  fusion  research.  Generally, 
the  radiation  mean  free  path  becomes  much  shorter  than 
the  plasma  scale  length  in  high-Z  plasmas  (Te  'u  a  hun¬ 
dred  eV) ,  which  Infers  varldlty  of  the  blackbody  spec¬ 
tra  (1) .  Under  this  circumstance,  the  ratio  of  radi¬ 
ation  to  thermal  electron  heat  flux  becomes  greater 
than  one  and  the  contribution  of  radiation  to  the  ab¬ 
lation  mechanism  will  be  remarkable.  The  radiation  con¬ 
version  efficiency  measured  was  nearly  40  %,  18  %  and 
14  4  for  0.53  um(l) ,  1.06  um(2)  ud  10.6  um(3)  lasers 
at  the  same  Irradiance  around  10  V/cn  . 

The  sub-keV  x-rays  emitted  from  a  gold  foil  target 
irradiated  by  a  0.53  um  or  a  1.06  um  laser  were  observed 
by  the  use  of  x-ray  diodes  (XRDs) .  The  radiation  tem¬ 
perature  and  the  power  conversion  efficiency  was  obtain¬ 
ed.  The  preliminary  results  of  conversion  efficiency 
for  a  10.6  um  laser  is  also  reported.  The  ablation 
depth (4)  deduced  from  the  signal  ratio  of  XRDs  located 
in  the  front  and  the  rear  side  of  targets  is  compared 
with  that  estimated  by  the  flux  limit  model  for  the 
thermal  electron  transport. 


EXPERIMENTAL  ARRANGEMENT 

The  laser  used  here  was  the  glass  laser  system 
"Gekko  II" .  The  experimental  conditions  are  sum¬ 
marized  in  Table  1.  The  target  was  a  gold  foil  of 
various  thickness.  X-ray  radiation  was  monitored  by 
biplaner-type  x-ray  diodes.  The  current  of  XRD  is 
given  for  the  plane  geometry  by 

^=F(0)ns  \  I  (e)T(e)D(e)ae  [Ij 

dt  '  '  D  p  J,  T 

where,  F(e)  is  the  fraction  radiated  in  a  solid  angle 
at  the  viewing  angle  6  from  the  target  normal,  (2  is 
the  solid  angle  of  XRO,  S  is  the  plasma  area  size, 

I_  is  the  planklan  function  for  the  radiation  tem¬ 
perature  Tj^,  T(c)  is  the  filter  transmittance  (5)  and 
Die)  Is  the  diode  response  (6).  Signal  ratio  of  XRDs 
attaching  different  filters  defines  the  radiation 
temperature  eaid  the  plasma  area  size  is  given  by  the 
absolute  value  of  the  signal  and  the  radiation  tem¬ 
perature  . 

Two  couples  of  XRDs  were  respectively  set  in  the 
front  and  the  rear  side  of  targets  on  the  target  normal. 
They  are  constructed  of  the  same  aluminum  photocathode, 
and  a  polypropylene  or  an  aluminum-coated  polypropylene 
filter.  The  varldlty  of  blackbody  spectra  and  the  an¬ 
gular  distribution,  of  radiation  were  determined  by  us¬ 


ing  aluminum  or  mylar  filters  addtionally. 


EXPERIMENTAL  RESULTS 

One  couple  of  XRDs  determine  the  time  resolved 
radiation  temperature.  Different  combinations  of  XRD's 
signal  gave  the  temperature  variation  of  8%  with  showing 
the  varidity  of  the  blackbody  assumption.  The  radi¬ 
ation  temperatures  as  a  function  of  Incident  laser 
intensity  for  0.53  um  and  1.06  um  lasers  are  shown  in 
Figures  1  (JaK  (b) .  Each  temperature  scales  as 
Tj,  =  130  I^'  (eV)  for  a  0.53  um  laser  and  T  =  1291  ' 

^  li  5  2“®  laser  where  I^  is  normalized  with 

10  W/an  .  Saturation  of  temperature^ increase  is  seen 
for  the  1.06  um  laser  case  over  4  *  10^^  V/cm  where  the 
decrease  of  absorption  and  the  production  of  high  energy 
electrons  occur  (4) .  The  angular  distibution  of  x-rays 
fits  guite  well  with  a  |cos  6'  function,  which  indicates 


Incident  Laser  Intensity  (W/cm^) 


rig.  1  Radiation  temperature  vs.  Incident  laser  inten¬ 
sity  for  (a)  0.53  un  and  (b)  1.06  um  lasers. 
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that  the  plasma  axial  size  is  much  shorter  than  that  of 
lateral  one  (  '''  180  um  typically  ) . 


The  power  conversion  efficiencies  are  shown  in  Fig. 

2  (a) ,  (b) .  It  is  confirmed  that  the  power  conversion 
efficiency  is  almost  the  same  value  of  the  energy 
conversion  efficiency  which  is  obtained  in  the  time- 
integration  data  analysis.  Saturated  values  of 
the  conversion  efficiency  are  respectively  35 
t  emd  20  t  for  0.53  pm  and  1.06  pm  lasers.  Here,  the 
results  for  a  10.6  pm  laser  case  obtained  in  the  same 
way  as  mentioned  above  is  also  plotted,  the  experi¬ 
mental  conditions  are  the  same  as  reported  elsetrhere  (4) . 
The  absorption  rata  and  the  conversion  efficiency  de¬ 
crease  with  increasing  the  laser  wavelength  as  shown 
in  Fig.  4.  The  discrepancy  of  the  ratio  of  conversion 
efficiency  to  absorption  rate  between  ours  and  that  of 
P.D. Rockett  et  al.  (3)  is  mainly  due  to  the  difference 
of  target  geometry  (  They  used  the  spherical  targets  ) . 

The  peak  current  ratio  of  XRDs  with  same  filters 
located  in  the  front  and  the  rear  side  of  targets  as  a 
function  of  foil  thickness  is  shown  in  Fig,  3.  Solid 
line  indicates  the  calculate^  transmission  of  x-rays 
through  the  target  when  600  A-thick  front  side  gold 
(which  is  equal  to  a  half  of  the  total  ablation  thick¬ 
ness)  is  assumed  to  be  ^d>lated  and  the  remainder  ii(0{ks 
as  a  filter.  This  ablation  thickness,  i.e.  1200  A, 
agrees  quite  well  with  that  obtained  from  the  spectro¬ 
scopic  measurements  using  a  Au  coated  target  (4).  T^en, 
the  m^ss  ablation  rate  measured  is  approxmately  4x10 
(g/cm  sec) . 


Fig.  2  Power  conversion  efficiency  vs-  incident  laser 
intensity  for  (a)  0.53  pm  and  (b)  1.06  pm 
lasers. 


Fig.  3  Ratio  of  radiation  power  emitted  in  a  unit  of 
solid  angle  as  a  function  of  foil  thickness. 
Time  crresponds  to  the  laser  peak. 


.  1  ,2/3_-l„  -1/3  „2/3  1/3 

“  =  4  f  Z  «  “e  "c  *ab3 
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where  f  is  the  limitting  factor  (  f  “  *abs'^  *'e*'c%  ^ 

Z  is  the  ion  charge,  H  and  m  is  the  ion  and  electron 
mass,  n  is  the  cut  off  density  and  is  the  absorbed 

laser  flux,  here  the  energy  flow  into  ionization  and 
radiation  is.neglected.  When  f  is  0.6,  then  m  = 

8x10  (  g/^  sec  1  for  Z  «  18  (  Te  •  400  eV  )  2U>d 
n  =  4x10  (cm  ) .  This  value  is  almost  twenty 
times  larger  than  the  experimental  value.  This  large 
discrepancy  can  lie  attributed  to  the  decrease  of  the 
limitting  factor,  therefore,  the  increase  of  the  coronal 
temperature.  Vihen  f>0.03  is  assumed,  the  ooronal  tem- 
erature  is  estimated  to  be  -  3  keV 

then,  m  =  5x10  (  g/cm  sec  ) .  More  detailed  consider¬ 

ations,  however,  are  required  for  the  energy  baleuice 
between  the  radiation  and  the  particles  in  over  dence 
plasmas . 


DISCUSSION 

When  the  absorlsed  laser  energy  balances  with  the 
energy  of  the  isothermal  expansion  region,  the  mass 
ablation  rate  at  the  C-J  point  can  be  estimated  (4) , 
i.e. , 


SUMMARV 

The  wavelength  dependence  of  the  radiation  tempera' 
ture  emd  the  conversion  efficiency  as  a  function  of 
Incident  laser  intensity  were  experimentally  studied 
for  gold  foil  targets  Irradiated  by  0.53  ;>m,  1.06  pm 


Fraction  Absorbed  or  Convorlod 
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Fig.  4  Laser  wavelength  dependence  of  the  absorption 
and  the  conversion  efficiency. 


and  10.6  um  lasers.  Both  the  absorption  rate  and  the 
radiation  conversion  efficiency  decrease  with  increasing 
the  laser  wavelength.  The  ablation  depth  observed 
in  this  experiment  can  be  interpreted  by  the  simple 
inhibited  thermal  conduction  by  electrons  with  the 
limitting  factor  of  0.03. 


0.53  WB  1.06  um 

Pulse  duration  (ns) 

Incident  Angle  (degrees) 

F  number 
Polarization 
Focal  Spot  Diameter  (ym) 

Intensity  (W/cm  ) 

Table  1 


0.5 

45 

6 

P 

150  (75  %) 

<  1  X  10^* 


0.6 

45 

6 

P 

150  (65.%) 

<  3  X  lo’^^ 
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SOFT  AND  ULTRASOFT  X-RAY  MEASUREMENTS  OF  AIR  FORCE  WEAPONS  LABORATORY  SHIVA  IMPLODDJC  PLASMA  LINER®) 
J.H.  DEGNAN  and  R.J.  SAND,  Air  Force  Weapons  Laboratory 
G.F.  KIUTTU  and  D.M.  WOODALL,  University  of  New  Mexico 
Albuquerque,  New  Mexico 


Measurements  of  the  radiation  from  high  energy  density  plasmas  formed  by  electromagnetic  Im¬ 
plosion  of  aluminized  plastic  cylindrical  foil  liners  are  discussed.  The  Implosions  were  driven  by 
the  SHIVA  capacitor  bank  -  originally  a  1.1  Ml,  1.2  microsecond,  100  KV  device,  later  upgraded  to 
1.9  MJ,  1.4  microseconds,  120  KV.  Discharge  currents  were  7  to  12  MA  and  implosion  times  1.2  to 
1.5  microseconds. 

Photon  pulses  were  observed  using  arrays  of  x-ray  photodiodes,  calorimeters  and  bolometers, 
x-ray  pinhole  cameras,  convex  curved  crystal  and  grazing  Incidence  grating  spectrographs.  Photon 
pulse  energies  from  100  KJ  to  240  KJ  were  observed  (assuming  Isotropic  emission)  with  FWHM  from  80 
to  200  nanoseconds.  The  best  combined  photon  yield  and  FWHM  was  240  KJ,  130  nanoseconds.  Bolometer, 
calorimeter,  x-ray  photodiode  comparisons,  time— resolved  spectra  deconvoluted  from  x-ray  photodiode 
array  data  and  detailed  spectrograph  data  are  discussed. 

Neutron  measurements  from  deuterated  liner  Implosions  (yields  up  to  4  x  10®)  are  also  dis¬ 
cussed. 


At  the  Air  Force  Weapons  Laboratory,  we  have 
been  experimentally  and  theoretically  Investigating 
Imploding  plasma  liners  for  production  of  high  energy 
density  plasmas  for  several  years. The  plasma 
liner  Implosion  experiments  have  resulted  In  large 
photon  pulses^*^  In  the  ultrasoft  and  soft  x-ray 
range.  Using  the  SHIVA  capacitor  bank  -  a  1.1  FU, 

1.2  microsecond,  100  KV  devlce^tS  which  was  later  up¬ 
graded  to  1.9  MJ,  1.4  microsecond,  120  KV,  plasma 
liner  Implosions  were  driven  In  Z-plnch  like,  7  to  12 
MA  discharges.  These  discharges  resulted  in  -v.  20  cm/ 
microsecond  final  implosion  velocities  with  15  to  25X 
of  the  stored  electrical  energy  converted  to  Implo¬ 
sion  kinetic  energy.  Photon  pulse  energies  from 
100  KJ  to  240  KJ  (assuming  Isotropic  emission)  were 
observed  with  FWHM  of  Che  pulses  ranging  from  80  to 
200  nanoseconds.  The  best  combined  yield  and  FWHM 
was  240  KJ,  130  nanoseconds. 


The  X-ray  photodiodes  (XRD's)  used  were  alumin¬ 
um  cathode,  1  cm.  gap,  5  KV  biased  diodes  with  fil¬ 
ters  such  as  aluminum,  Formvar  (CSH8O2),  Kimfoll 
(€1481^03),  Kapton,  Saran,  and  combinations.  Res¬ 
ponse  functions  for  a  variety  of  filters  and  filter 
thicknesses  are  given  In  ref.  2.  Un  filtered  res¬ 
ponse  functions  used  were  those  of  Calms  and  Samson® 
at  low  energy.  Bums  and  Day^  from  109  to  1487  eV, 
Galnes^^  et  al  from  185  to  1487  eV,  Gaines^®  et  al 
and  Lyons^-l  et  al  above  1.5  KeV.  These  agree  close¬ 
ly  with  those  of  Day^^  et  al  and  Henke'^  et  al, 
except  near  the  oxygen  absorption  edge. 


Arrays  of  XRD  traces  were  used  to  obtain  decon- 
voluCed,  or  unfolded,  time  resolved  photon  spectra 
using  the  following  technique.  Given  an  array  of 
XRD  signals  Vj^(t)  and  response  functions  B^j(E)  ,  the 
deconvolution  or  unfold  equations  are 


Observation  geometry  Is  Illustrated  in  Figure  1. 
The  photon  diagnostics  were  arrays  of  x-ray  photo¬ 
diodes^,  x-ray  pinhole  cameras,  thermocouple  calori¬ 
meters,  a  fast  pulsed  bolometer^,  and  crystal  and 
grating  spectrographs.  Passive  detectors  (calori¬ 
meters,  pinhole  cameras,  spectrograph)  were  pro¬ 
tected  with  pneumatic  closure  shutters^  from  plasma 
and  debris  blast . 


VCr  ■  j%(E)S(E)dE 


S’(E) 


S(E) 


ZjtK(E)(VK/VCK) 
K _ 

K 


Fig.  1:  Schematic  of  SHIVA  dlagrostlc  geometry  with 
grating  spectrograph  (not  to  scale) . 


where 

VCK(t) 

calculated  signal  for  Kth  XRD, 

S(E) 

trial  spectrum. 

S'(E) 

corrected  spectrum 

Ri(E) 

Rk(E)/  jRK(E)dE 

and 

E 

photon  energy. 

A  few 

dozen 

iterations  are  generally  required  before 

S'(E) 

converges . 

A  flat  spectrum  Is  used  to  inltl- 

ate  the  Iteration  process. 

This  technique  Is  similar  to  those  used  by 
Chase  and  Sallsbury^^,  and  by  Plimpton  and  Gllbert^^i 
except  for  the  smoothing  routines.  The  rapid  varia¬ 
tion  of  XRD  response  functions  made  It  advantageous 
to  use  ratio  energy  zoning  and  a  combined  product/ 
root  -  logarithmic  Interpolation  smoother  with 
smoothing  intervals  varying  with  iteration  pass. 
Tests  with  hypothetical  spectra  such  as  black  bodies, 
using  flat  Initial  spectra,  gave  good  convergence*^ 
for  6  or  more  distinct  XRD's.  As  Is  well  known**»^^, 
smoothing  Is  necessary  to  avoid  artificial  spectral 
features  resulting  from  discontinuities  or  jueps  in 
the  detector  response  functions. 
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Table  1.  Comparison  of  deconvoluted  spectrum  peak 
power  vs.  nominal  peak  power. 
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SHOT 

Fdc/Pnom 

3125 

0.6 

3146 

1.0 

3158 

1.57 

3169 

0.89 

3177 

1.08 

3186 

0.95 

3187 

0.87 

3190 

1.41 

3191 

1.79 

3213 

0.96 

3220 

0.80 

Fig.  2:  Unfolded  time  resolved  photon  spectrum  from 
SHIVA  plasma  liner  Implosion  (direct  capa¬ 
citor  driven) .  SPEC  -  dP/dhv  In  MW/KeV, 
ENERGY  -  photon  energy  In  KeV,  TIME  In 
shakes  (10  nanosecond  units). 


A  three  -  dlisenslonal  plot  of  the  time  resolved 
deconvoluted  spectrum  obtained  from  the  array  of  XRD 
signals  from  a  representative  good  shot  Is  shown  In 
Fig.  2.  The  two  low  energy  humps  merge  into  a  single 
hump  peaking  near  100  eV  photon  energy  at  peak  power 
(P  2l  1.26  X  10*2  watts,  maximum  dP/dhv  ■v  2  x  10' 
Hegawatts/KeV) .  The  highest  energy  Pfsk,  near  2  KeV 
photon  energy.  Is  due  to  Al**+  and  Al*2+  ^nd 

recombination  radiation  -  the  detail  of  which  is  un¬ 
resolved  using  this  analysis  technique  and  this  XRD 
array. 


Fig.  3:  Peak  power  unfolded  photon  spectra  for 
several  plasma  liner  Implosions. 


Fig.  3  shows  peak  power  deconvoluted  spectra 
for  several  representative  implosion  experiments. 
Indicating  the  reproducibility  of  a  low  energy  hump 
peaking  near  100  eV  photon  energy. 


A  comparison  of  deconvoluted  spectrum  peak 
power  versus  nominal  peak  power  for  photon  emission 
Is  shown  In  Table  1.  Nominal  peak  power  Is  obtained 
using  an  aluminum  cathode,  Formvar  filtered  (Al/FV) 
XRD,  assuming  an  average  response  of  40  aaperes/Mega- 
watt  for  60  micrograms/ cm2  Fbrmvar  filter.  The  dif¬ 
ference  In  all  cases  is  less  than  factor  of  2  and 
often  less  than  20Z.  Thus,  the  Al/FV  XRD  signal  en¬ 
ables  a  rapid  approximate  estimate  of  photon  emis¬ 
sion  yield  for  the  spectra  we  have  obtained. 


ujt  nuMn  SMI— SHI  «u 
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Fig.  A:  Lead  Stearate  spectrograph  data. 


Low  energy  crystal  (lead  stearate)**  spectro¬ 
graph  data,  such  as  shown  In  Fig.  4,  indicate  that 
the  spectrum  below  220  eV  in  photon  energy  is  do¬ 
minated  by  continuum  or  closely  packed  lines,  with 
possible  absorption  features.  The  lowest  energy 
strong  lines^are  At****’  2p-3d  (52. 37^)  and  Al**" 
2s-3p  (48.32A).  These  are  always  evident  and  always 
quite  strong  in  aluminum  or  aluminized  plastic  liner 
implosions.  Comparison  of  stesrate  spectrograph 
data  with  XRD  array  unfolded  spectra  gives  approxi¬ 
mate  (factor  of  2)  agreement  near  the  carbon  absorp¬ 
tion  edge  (248  eV),  as  shown  In  Fig.  5.  At  this 
energy,  the  spectrograph  response  is  most  reliably 
known.  The  crystal  response  reported  by  Henke*°  and 
Kodak  RAR  2490  film  response  reported  by  Benjamin, 
Day,  and  Lyons*"  were  used  to  absolutely  Interpret 
the  spectrograph  data. 


Fig.  5:  Compatison  of  unfolded  photon  spectra  from 
XRD  data  (solid  lines)  with  lead  stearate 
spectrograph  data  (X's). 


Bare  thermocouple  calorimeter  data  was  taken  to 
check  yields  Interpreted  from  XRD  array  data.  The 
comparison,  shown  In  Table  2,  shows  that  calorimeters 
Indicate  yields  from  1  to  4  times  those  obtained 
with  XRD  data.  This  suggests  that  the  calorimeter 
sensed  late  time  energy  In  addition  to  the  prompt 
photon  energy  detected  by  XRD's.  This  late  time 
energy  could  be  low  energy  photons  from  afterglow 
or  late  time  discharge  plasma  and/or  plasma  and  hot 
gases  reaching  the  calorimeter.  The  fast  (500  mi¬ 
crosecond)  closure  shutter  may  be  too  slow  to  stop 
streaming  plasma  and  hot  gases  on  some  shots. 


Table  2.  Calorimeter  -  XRD  comparison. 


SHOT 

Ycal/Yxrd 

3187 

1.97 

3190 

1.02 

3191 

0.82 

3222 

1.80 

3223 

2.60 

3224 

3.90 

3226 

3.80 
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Tig.  6:  Fast  pulsed  bolometer  signals. 


A  fast,  pulsed,  large  signal  bolometer  was  de¬ 
veloped^  and  used  to  thermally  detect  photons  with 
time  resolution  adequate  to  confirm  Chat  their  origin 
Is  the  Implosion  pinch.  Bolometer  signal  traces  with 
and  without  a  photon  pulse  are  shown  In  Fig.  6.  The 
bolometers  were  used  with  60  mlcrogram/cm^  Formvar 
filters  to  suppress  surfar a  photo-lonizatlon  shunt¬ 
ing  of  the  bolometer  foil  current  after  the  prompt 


photon  pulse.  Such  surface  photo-lonizatlon,  sus¬ 
pected  due  to  elongated  rise  times  for  unflltered 
bolometers.  Is  presumably  due  to  lower  energy  after¬ 
glow  photons  still  Incident  after  the  main  (prompt) 
photon  pulse.  Rauch^^  and  Hanson^ ^  have  since  used 
similar  bolometers,  unflltered,  with  magnets  to  sup¬ 
press  photoionization  shunting,  which  has  enabled 
faster  time  response  and  the  use  of  unflltered  bolo¬ 
meters  . 


Fig.  7:  Bolometer  -  XRD  comparison. 


The  Interpreted  yield  for  a  Formvar  filtered 
bolometer  signal  Is  compared  to  that  for  a  Cu/FV  XRD 
signal,  versus  black  body  temperature  for  assumed 
black  body  spectral  shape  In  Fig.  7.  The  agreement 
was  better  than  or  on  the  order  of  30%  for  a  wide 
range  of  temperatures,  as  well  as  for  a  variety  of 
other  plausible  spectral  shapes.  Thus,  both  thermal 
and  photoelectric  detectors  were  In  substantial 
agreement  on  photon  yield. 


A  print  of  the  data  record  obtained  from  a  5 
meter  grazing  incidence  spectrograph”  is  shown  In 
Fig.  8.  Al*®'*',  Al'*'*',  Ai12+,  0®+,  o'"*',  and  0^+  emis- 

slon  lines  are  evident  above  230  eV  In  photon  energy. 
At  lower  energies,  the  spectrura  is  continuum  with 
absorption  lines  from  0^^,  AA5+,  This 

indicates  a  hotter  interior  plasma  shining  through  a 
cooler^  40  eV),  absorbing  plasma.  Broadening  of 
the  A<1^^  2s-5p  and  2s-6p  lines  exceeded  instrumen¬ 
tal  broadening.  If  this  broadening  is  assumed  to  be 


Fig.  8:  5  meter  grazing  incidence  spectrograph  data. 
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Stark  broadening,  one  obtains  an  estimate  of  the 
electron  density  10^^  cm“^  for  the  part  of  the 
plasma  emitting  those  lines. 


The  5  meter  spectrograph  was  built  by  Robert 
Speer  of  In^erlal  College.  It  employed  a  316  line 
per  mm.  holographically  formed  gold  plated  silica 
lamellar  grating.  The  film  was  Ilford  Q2  spectre- 
graphic  plate.  A  50  microgram/cm^  carbon  filter  was 
used  -  resulting  in  the  well  defined  carbon  absorp¬ 
tion  edge  evident  in  the  continuum  spectrum.  The 
spectrograph  slit  (20  microns)  was  approximately  1.2 
meters  from  the  source.  The  plate  was  underdeveloped 
(3  minutes  in  D19)  to  reduce  overexposure  effects. 

To  protect  the  expensive  spectrograph  components 
from  plasma  blast  and  debris,  two  fast  closure  shut¬ 
ters  were  used  in  tandem.  The  first  shutter  employ¬ 
ed  a  240  microfarad,  5  KV,  7  microsecond  quarter  cy¬ 
cle  time  theta-discharge  to  close  a  0.25  on  wall, 

2.5  cm  diameter  aluminum  tube  in  30  microseconds. 

The  aluminum  tube  was  part  of  the  diagnostic  vacuum 
line.  The  second  shutter  was  an  aforementioned  pneu¬ 
matic  closure  shutter^  (re-usable,  vacuum  tight)  with 
500  microsecond  closure  time. 


7.7S7A  (.(SSA  «.0$S* 

7.J7(A 

IIDA 


Fig.  10:  Space  resolved  KAP  Spectrograph  Record. 

source  broadening,  while  in  the  other  direction  it  is 
one-dimensional  pinhole  imaging.  In  the  2  dimension¬ 
al  Imaged  KAP  spectrograph  record  shown  in  Fig.  10, 
the  magnification  by  source  broadening  is  approxi¬ 
mately  one  third  that  by  slit  imaging,  so  the  ellip¬ 
tical  **annular"  spectral  lines  are  due  to  circular 
annular  line  emission  regions^^. 


Data  from  a  KAP  spectrograph,  collimated  to  re¬ 
duce  source  broadening,  is  shovm  in  Fig.  9.  The 

and  K  shell  line  and  recombination  ra¬ 

diation  are  evident.  To  the  extent  that  the  spectrum 
can  be  characterized  by  a  single  electron  temperature 
Tg  and  electron  density  ne*  Te  —  400  eV  (from  recom¬ 
bination  slope)  and  n^  'v,  10^0  cm“^  (fr<xn  He-llke 
resonance  line  to  Intercombination  line  ratlo)23^24_ 
Of  course,  the  radiation  Is  really  from  a  time  de¬ 
pendent,  Inhomogeneous  temperature  and  density  dis¬ 
tribution.  Considering  or  not  considering  opacity 
effects  makes  a  factor  of  5  difference  In  the  Inter¬ 
preted  density.  An  opacity  effect  of  a  factor  of 
2.5  reduction  In  the  resonance  line  (7.757a)  was 
obtained23  by  requiring  consistency  of  electron  tem¬ 
peratures  400  eV)  obtained  from  recombination 
slope,  ratio  of  dlelectronlc  recombination  to  reson¬ 
ance  line  ratio,  and  ratio  of  ls-2p  to 

l8^-ls2p  lines.  Comparison  of  observed  intensity 
with  black  body  limit  for  the  emission  volume  (0.1- 
1  cm^  in  this  case)  Indicates  a  cooler  (%  50-100  eV) 
outer  plasma  is  required  for  such  an  opacity  effect. 


In  Fig.  11,  an  uncoil imated  KAP  spectrograph 
densitometer  trace  is  shown.  Illustrating  the  degree 
of  source  broadening.  The  best  fit  electron  temper- 
aucre  and  density  are  'v  300  eV  and  v  10^^  cm*^, 
based  on  recombination  slope  and  intensity^^. 


I  ni4 


Fig.  9:  Collimated  KAP  Spectrograph  data. 


By  removing  the  spectral  colllmatlon  silt  and 
adding  a  spatial  Imaging  silt,  one  obtains  2  dimen¬ 
sional  spatial  Imaging  of  the  spectral  lines  .  Im¬ 
aging  In  the  spectral  dispersion  direction  Is  by 


Fig.  11:  Source  broadened  KAP  Spectrograph  data. 

X-ray  pinhole  camera  Images,  such  as  that  shown 
in  Fig.  12,  often  show  an  annular  or  ring  shaped 
emission  regions,  as  is  also  evident  In  some  two- 

22 

dimensional  imaged  KAP  spectrograph  records  . 


Fig.  12:  X-Ray  pinhole  camera  photograph.  Outer 
diameter  of  luminosity  region  Is  approx¬ 
imately  2  cm. 
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Two-8lMBsloaal  aagnetohydrodyiuHiiic  calcula¬ 
tions  of  plsau  llnar  iaploslons  predict  electron 
density  and  taiperature  profiles  slallar  to  that  shown 
In  Fig.  13  The  axial  plume  and  the  ring  shaped 

regions  with  high  electron  teaperature  are  qualita¬ 
tively  consistent  with  the  annular  emission  regions 
observed  experimentally^^.  Either  or  both  the  plume 
and  off  axis  peaks  In  electron  temperature  features 
could  explain  the  ring  shape  of  the  X  1  KeV  photon 
emission  region.  The  predicted  'v  40  eV  plume  tem¬ 
perature  Is  consistent  with  the  absorption  lines  seen 
In  lower  energy  spectrograph  data^^.  Gross  radiation 
power,  as  well  as  spectral  detail  and  features  of 
pinch  structure  are  In  approximate  agreement  with 
pinch  conditions  predicted  by  2D  HHD  calculations. 


Ongoing  and  future  work  Includes  experiments 
with  faster  Implosions  driven  by  capacitor  bank 
discharges  sharpened  using  Inductive  storage,  open¬ 
ing  switch  techniques  30,31,32,33.  xhe  use  of  time 
and  space  resolved  spectrographs  will  be  esq>haslxed 
In  this  work. 
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Fig.  13:  2D  HHD  predicted  electron  density,  8. 

temperature  contours  at  time  near  peak 
compression  In  pinch.  9. 


Implosion  experiments  with  deuterated  alumlnlxed 
plastic  foil  cyllnders^^,  in  which  the  foils  were  3Z 
deuterium  by  mass  and  final  implosion  velocities  were 
20  cm/mlcrosecond,  resulted  In  neutron  yields  10^ 
to  10°.  A  comparison  of  yields  obtained  from  sliver 
activation  and  lead  shielded  scintillator  -  photomul¬ 
tiplier  detector  data  Is  shown  in  Table  3.  The  de¬ 
tectors  were  calibrated  In  situ  with  a  pulsed  neutron 
source  and  cross-calibrated  %rlth  a.,  large  Ag  detector 
previously  calibrated  at  Llvermore^^.  The  observed 
yields  were  approximately  consistent  with  those  ob¬ 
tained  by  applying  Rose  and  Clark  neutronlcs^’  to  two 
dimensional  magnetohydrodynamlc  predictions  of  Ion 
temperature  and  density  spatial  and  temporal  dlstrl- 
but Ions . 


10. 


11. 

12. 

13. 


14. 

15. 


16. 


17. 
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T.40  «  lo' 
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I.M  a  U’ 

t.49  ■  lo' 

4<O0 

1.30  a  10* 

4.40  a  10* 

40)9 

3.U  a  10* 

l.«  «  10* 

20. 

4P40 

3.U  a  lo’ 

2.70  ■  10^ 

21 

4044 

t.U  a  to* 

4049 

t.lS  a  10* 

t.90  *  10^ 

22. 

4044 

1.H  a  10* 

9.90  «  lo’ 

4047 

I.SO  a  10* 

9.00  a  10^ 

4040 

1.00'  a  10* 

1.90  a  10^ 

23. 

4049 

1.11  a  10* 
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9017 
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ABSTRACT 

The  laser  irradiated  gas  Jet  developed  to  study  collective  scattering 
processes  has  proven  to  be  a  useful  soft  x-ray  source.  It  is  a  repro¬ 
ducible  and  stationary  source  with  large  yield  and  plasma  properties  cheir- 
acterized  by  conventional  diagnostic  techniques.  With  a  density  gradient 
initially  set  by  orifice  size  and  gas  pressure,  a  short  (-100-1000  psec) 
pulse  operating  at  1.05  Mm  (or  0.53  Mm)  is  focused  coaxially  upstream  into 
the  Jet  producing  a  moderate  temperature  plasma.  X-ray  pinhole  photographs 
show  an  axially  symmetric  radiating  plume  located  at  the  electron  density 
critical  surface.  The  density  gradient  is  obtained  by  holographic  inter¬ 
ferometry  using  a  0.26  pm  wavelength  probe  pulse.  The  scale  length  of 
~100-200  Mm  is  measured  by  2aj  and  B/Su  photography.  Electron  temperatures 
are  determined  by  using  spatially  resolving  x-ray  crystal  spectroscopy  to 
record  and  analyze  line  emission  from  H-  and  He-like  configurations. 
Electron  temperatures  from  -200-700  eV  were  observed  at  critical  electron 
densities  as  high  as  -h  x  10^*  em-^  for  gases  of  hydrogen,  nitrogen, 
neon,  argon,  and  SFe. 


Experiments  on  the  laser-irradiated  gas  Jet  were 
originally*  designed  to  examine  stimulated  Brillouin 
scattering  in  a  prepared  density  distribution  possess¬ 
ing  longer  scale  lengths  than  are  generally  produced 
off  of  solid  targets.  With  laser  energies  as  small  as 
50  joules  in  200  psec  and  a  90?  spot  size  of  -100  Mm, 
it  is  possible  to  generate  large  numbers  of  photons  in 
the  soft  x-ray  spectrum.  It  is  a  reproducible  and 
stationary  source  whose  plasma  properties  can  be  char¬ 
acterized  by  conventional  diagnostic  measuring  tech¬ 
niques.  The  density  of  neutral  gas  in  the  Jet  before 
irradiati-n  varies  smoothly  and  is  easily  character¬ 
ized.  The  high  density  gas  required  to  form  a  criti¬ 
cal  surface  for  1.05  Mm  is  confined  to  a  comparatively 
small  volume  and  the  scale  length  (or  density  gradient) 
can  be  varied  easily  by  changing  the  orifice  size  and 
varying  the  gas  pressure. 


A  schematic  diagram  of  the  experimental  set-up  is 
shown  in  Fig.  1.  Of  interest  in  the  figure  for  this 
presentation,  is  the  irradiation  of  the  gas  Jet  placed 
axially  at  the  focus  of  an  f/5.^  parabolic  mirror,  an 
x-ray  pinhole  camera  for  recording  time-integrated 
x-ray  images,  and  the  catadioptric  lens  used  in  the 
interferometric  determination  of  the  density  distri¬ 
butions. 


Fig.  1.  Diagnostic  placement  inside  the  target  cha."iber 
fur  the  gas  Jet  experiments,  top  view. 


Not  shown  in  the  figure  is  an  x-ray  crystal 
spectrograph  for  photographing  time-integrated  x-ray 
spectra  of  the  irradiated  Jet  located  below  the 
catadioptric  lens,  in  the  plane  normal  to  the  Jet  and 
1(5°  below  the  horizontal. 

We  have  irradiated  gas  Jets  of  hydrogen,  nitrogen, 
argon,  neon,  and  sulphur  hexafluoride  at  laser  wave¬ 
lengths  of  1.05  M®  and  0.53  M®  and  pulse  lengths  of 
-100  psec  and  ~1  nsec. 


To  X-Rav 


Detectors 

Fig.  2.  Schematic  repi csentauion  of  the  laser-irradiat' 
ed  gas  Jet. 

A  schematic  representatior  of  the  experiment  is 
shown  in  Fig.  2.  High  pressure  gas  expands  through  a 
nozzle  into  a  vacuum,  forming  a  very  broad  Jet.  The 
laser  light  travels  upstream,  ionizing  and  heating  the 
gas.  Some  of  the  light  is  absorbed  in  the  underdense 
plasma  and  some  of  it  is  scattered.  The  remaining 
light  is  absorbed  or  reflected  at  the  critical  surface. 
To  gain  the  maximum  amount  of  information  from  the  ex¬ 
periments,  one  needs  to  know  the  density,  tanperature, 
and  velocity  profiles  of  the  plasma. 

There  are  several  ways  in  which  the  density  is 
measured.  Holographic  interferograms  of  the  neutral 
gas  Jet  are  made  in  the  target  chamber  prior  to  Irradia. 
tion  and  these  are  Abel-inverted  to  give  the  density 
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profile.  Fig.  3  is  such  an  inter ferograjn  of  a  nitrogen 
Jet.  All  Abel  inversions  described  here  were  performed 
by  D.  Sweeney^.  Holographic  interferograms  taken  at 
the  time  of  the  main  laser  pulse  give  the  density  pro¬ 
file  of  the  free  electrons.  Fig.  U  shows  typical  in¬ 
terferograms  of  a  nitrogen  gas  Jet  irradiated  with 
^6.5  Joules  in  85  psec  at  X  =  1.053  pm,  and  a  neon  gas 
Jet  irradiated  with  UO.7  Joules  in  1  nsec  at  X  =  0.5265 
Urn. 


Fig.  3.  Hol'graphic  interferograra  of  a  nitrogen  gas 
Jet  before  laser  irradiation.  Plenum  gas 
pressure:  2000  psi.  Jet  orifice:  100  nm. 

Another  way  to  obtain  the  density,  at  least  time 
integrated  at  two  positions  of  its  profile,  is  to 
record  the  position  of  the  second  and  three-halves 
harmonic  emissions,  which  correspond  to  the  positions 
of  critical  and  one-fourth  critical  densities,  re¬ 
spectively.  The  images  are  recorded  separately  then 
recombined  as  in  Fig.  5  for  a  hydrogen  Jet,  where  the 
second  harmonic  of  1.05  dm  is  green  and  the  three- 
halves  harmonic  furthest  from  the  nozzle  is  red.  Some 
of  the  2w  emission  was  reflected  by  the  nozzle.  How¬ 
ever,  the  harmonic  emissions  are  not  always  present. 
Depending  on  the  type  of  gas,  and  the  density  distri¬ 
bution,  one  or  both  of  the  two  harmonic  emissions  may 
not  be  spatially  well  defined. 


Fig.  4, (shot  4833)  Nitrogen  gas  Jet,  2000  psi;  laser 
Jet  irradiation,  X  =  1.053  pm,  46.5  Joules  in  85  psec. 
Laser  holographic  probe,  X=,2633  pm;  duration=60  psec; 
occurring  290  psec  after  petiX  oi  irradiating  pulse. 


Fig.  (shot  4931)  IJeon  gas  Jet,  ITOO  psi;  laser  Jet 
irradiation,  X  =  0,5265  pm,  40.7  Joules  in  1  nsec. 

Laser  holographic  probe,  X=.c.'6i3  Um;  duration  =  60  I'sec; 
occurring  1,26  nsec  into  the  irradiating  pulse. 


Fig.  5.  Composite  image  of  and  3/2io  harmonics  of 
1.05  pm  laser  light  emitted  by  a  hydrogen  Jet  target. 

Both  density  measuring  diagnostics  are  combined 
for  a  100  pm  uiameter  orifice  gas  jet  in  Fig.  6.  The 
solid  line  is  from  an  interferogram  of  neutral  Nz  and 
varies  exponentially  with  the  distance  from  the  ori¬ 
fice.  The  data  points  are  from  the  images  of  the 
harmonics  of  1.05  pm  light.  Sufficiently  far  from  the 
orifice,  we  expect  to  find  the  density  varying  as  l/r‘. 
The  dashed  curve  is  a  fit  of  the  three  data  points  at 
lower  densities  to  a  i/r^  profile.  The  dot-dashed  line 
is  drawn  to  connect  the  two  curves  smoothly.  The  fact 
that  data  from  neutral  and  ionized  nitrogen  match  the 
data  from  ionized  hydrogen  so  well  indicates  that  the 
molecular  density  is  independent  of  the  gas  and  that 
the  nitrogen  plasma  is  fully  ionized. 

Fig.  T  is  an  x-ray  pinhole  photograph  of  10  x 
magnification  taken  on  Kodak  No-Screen  Film  through 
an  80  pm  pinhole  and  filtered  by  3.0  lim  of  mylar  cover¬ 
ed  with  1500  A  of  aluminum  ai\d  representing  an  input 
laser  energy  of  76  Joules,  Notice  that  a  feature 
which  we  have  identified  with  the  gas  Jet  nozzle  is 
visible  on  the  left  side  of  the  photograph  along  with 
a  second  feature,  the  "mustach-like”  wisp  between  the 
nozzle  emd  the  gas  plume  proper.  We  have  also  found 
that  the  size  of  the  plume  increases  with  incident 
energy.  Fig,  8  is  a  film  iso-density  cont  'ur  plot  of 
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Fig.  6.  Molecular  density  at  a  gas  Jet  versus  axial 
distance  from  the  orifice. 


Fig.  8.  Film  iso-density  contour  plot  of  Fig.  7. 

function  of  the  electron  temperature.  Th^  indicate 
that  the  temperature  is  hbout  0.5  k.eV,  for  1.05  Vm 
irradiation  and  about  0.35  keV  for  0.53  Um  irradia¬ 
tion  of  a  100  iJm  scale  length  nitrogen  plasma.  Since 
hydrogen  is  a  poor  radiator,  ve  have  been  able  to 
obtain  x-ray  data  only  from  nitrogen,  argon,  neon,  and 
sulphur  hexafluoride  targets. 

X-ray  conversion  efficiency  for  the  Jet  can  be 
estimated  from  the  TLD  measurements,  if  we  can  assume 
that  the  TLD  calibration,  which  is  knovn  to  -350  eV, 
can  be  extended  down  to  -150  eV.  Using  "bare"  (un¬ 
filtered)  TLDs,  and  extrapolating  the  measurements 
into  Itir,  we  estimate  the  x-ray  generation  efficiency 
to  be  -0.2!l  and  -it>,  respectively,  for  wavelengths  of 
1.05  pm  and  0.53  pm,  and  an  input  energy  of  -30  Joules, 


Fig.  7.  X-ray  pinhole  photograph  of  1.05  pm  irradia¬ 
tion  of  a  nitrogen  gas  Jet  at  a  laser  energy 
of  76  Joules. 

Fig.  7,  indicating  the  well  defined  distribution  of 
the  x-ray  emission.  A  typical  axial  intensity  scan  of 
an  x-ray  pinhole  photo  is  shown  in  Fig.  9.  Note  that 
the  peak  of  the  x-ray  emission  appears  upstream  of  the 
critical  surface  (2bi)  tdiere  the  largest  portion  of  the 
laser  energy  is  absorbed,  indicating  that  the  thenaal 
energy  is  conducting  into  the  higher  density  gas. 

A  method  of  determining  the  electron  temperature 
is  to  measure  the  bremsstrahlung  spectrum  of  soft  x- 
rays  emitted  by  the  plasma.  We  have  measinred  the  spec- 
tnsB  through  a  set  of  foil-filtered  thermoluminescent 
dosimeters  (TLDs)’  whose  spectral  response  is  reason¬ 
ably  well  known.  The  ratio  of  the  measurements  through 
two  different  filtered  TLD  dosimeters  Is  known  as  a 
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Fig.  9.  Axlsd.  microdensltcoeter  scan  of  a  typical 

x-ray  pinhole  image,  including  the  positions 
of  the  2u  and  3/30  radiation. 


273 


Ibe  difference,  a  factor  of  -*20,  can  be  accounted  for, 
in  part,  alnce  the  recoabination  radiation  acalea  aa 
n^* 

'Hie  x-rajr  pinhole  caaMra  and  TLD  meaaureawnta  in¬ 
dicate  that  a  aiceahle  fraction,  $  $0X  of  the  energy 
incident  on  the  gas  Jet,  la  abaorbed.  The  abaorption 
fraction  and  electron  teoperature  do  not  depend 
atrongly  on  energy  on  target.  Hovever,  additional  ex- 
perlMnts  will  be  required  to  accurately  determine  the 
absorption  fraction  dependence  on  Incident  energy, 
wavelength,  and  gas  type. 


continuum  Indicates  an  electron  teaqperature  of  -230  eV 
while  the  H-llke  atom  recaBd>lnation  continuum  gives 
~133  eV.  The  discrepancy  can  be  explained  by  the 
observation  that  the  fluences  for  the  two  continua 
arise  from  different  parts  of  the  Jet.  Suit  the  two 
continua  in  the  plot  are  both  straight  lines  Indicates 
the  well-localized  and  syimaetrlc  nature  of  the 
teoperatiure  distribution. 


Fig.  10.  Spectroscopic  determination  of  gas  Jet 
and  T^  gradients. 

In  Fig.  11,  a  plot  is  shown  of  the  x-ray  fluence 
(keV/keV-sphere)  versus  photon  energy  for  a  neon  gas 
Jet  irradiated  with  laser  energy  at  »  0.33  ym.  Note 
that  the  hydrogen-llke  and  the  helium-like  lines  are 
well  defined,  the  He-  and  H-  free-bound  continua  are 
observed  above  background  and  the  intercombination 
lines  are  evident  near  the  He-like  resonance  lines. 

They  become  more  discernible  if  the  fluence  is  plotted 
logarithmically  as  in  Fig.  12.  In  fact,  it  is  possible 
to  obtain  electron  temperatures  from  the  slopes  of  the 
ffee-bound  continue.*  The  bare  atom  recombination 


Fig.  11.  X-ray  fluence  (keV/keV-sphere)  versus  photon 
energy  (eV)  for  a  nitrogen  gas  Jet  irradiat¬ 
ed  at  X  •  0.33  ym. 


Fig.  12.  The  fluence  of  Fig.  11  plotted  logarithmic¬ 
ally  to  enable  the  T^  measurement  via  re- 
condbinatlon  continua  from  the  Intensity  ratio 
of  H-like  to  He-like  lines. 

Vitb  the  slit  of  the  spectrograph  oriented  normal 
to  the  Jet  axis,  it  is  possible  to  spatially  resolve 
spectral  lines  ^ong  the  Jet  axis,  and  thereby  obtain 
the  electron  temperature  distribution  along  the  Jet 
axis.  In  Fig.  13,  an  axial  temperature  profile 


Fig.  13.  Axial  distribution  of  T^  for  a  neon  gas  Jet 
Irradiated  at  0.33  ym  with  67  Joules  in 
100  psec. 
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obtained  for  a  neon  gas  Jet  with  laser  energy  of  67 
Joules  and  pulse  length  of  100  psec  is  sbovn.  The 
position  of  n^y  and  1/U  n^-  are  only  approximately 
known  since  there  are  no  nduclals  In  the  spectrum  to 
Indicate  the  position  of  the  Jet  orifice. 

It  Is  also  possible  to  obtain  the  electron  den¬ 
sity  from  the  Intensity  ratio  of  resonance  to  Inter— 
ccaid)lnatlon  lines  of  hellunKlike  Ions,  as  depicted  in 
Fig,  10.  Boiko,  et  al.*  have  shown  (Fig,  lU)  that 
this  Intensity  ratio,  o  ,  varies  rather  sensitively 
with  electron  density  for  a  large  number  of  ion 
species  from  Na  X  to  Ti  XXI. 


Fig.  lU.  The  dependence  of  the  intensity  ratio,  a  , 
Is*  *s  -  ls2p  *Pi)  and  Inter- 
s  -  la2p  *Pi)  lines  of  He-llke 
Ions  on  the  electron  density  N^. 

From  Fig,  l4,  it  Is  evident  that  if. a  particular 
electron  density  range  la  expected  to  be  measured, 
only  a  few  Ion  species  %rlll  provide  the  necessary  in¬ 
tensity  ratio,  o  .  With  that  In  mind,  we  Introduced 
sulphur  hexafluoride,  SFt,  as  seed  gas  In  Hz  for  a 
measure  of  the  electron  density  in  the  range  from  2 
to  20  X  10**  cm”’.  Fig,  15  shows  the  density  distri¬ 
bution  along  the  Jet  axis  using  this  method. 


of  the  resonance  R 
condjlnatlon  I  (is* 


Fig.  15.  The  axial  distribution  of  the  average  elect¬ 
ron  density  obtained  spectroscopically  from  the  inten¬ 
sity  ratio,  a  ,  for  a  SFt  gas  Jet  irradiated  at  0.$3  vm 
1th  62  Joules  in  1  nsec. 


As  in  the  spectroscopic  electron  tesverature 
measurements,  no  provision  was  made  to  locate  the  re¬ 
lative  axial  position  of,  say,  the  peak  of  the  line 
emissions,  to  the  Jet  orifice.  So,  for  these  pre¬ 
liminary  spectroscopic  measurements  we  assume,  from 
the  photograpdilc  coe^sltes  of  the  pinhole  image  and 
2u  and  3/2u  emissions  (see  Fig.  9),  that  the  position 
of  the  critical  stnrface,  within  experimental  error, 
coincides  with,  or  is  slightly  iqpstream  of,  the  spec¬ 
tral  line  emission  peaks.  Since  these  relative  posi¬ 
tions  are  important  for  thermal  transjnrt  considera¬ 
tions,  future  experiments  will  be  designed  to  include 
position  flduclals  in  the  spectra. 

As  a  source  of  soft  x-rays,  the  laser-irradiated 
gets  Jet  has  proven  to  be  an  effective,  reproducible 
and  stationary  source.  It  can  be  well  characterized 
and  used  to  study  spectroscopic  properties  of  the  gas 
in  the  soft  region  of  the  x-ray  spectrum,  or  used  with 
known  spectroscopic  information  to  characterize  the 
plasma.  An  exao^le  of  the  latter  is  the  study  of 
stimulated  BriUouin  scattering,  which  we  have  done 
recently.  An  exaa^le  of  the  former,  is  the  determina¬ 
tion  of  opacities  of  selected  ionic  species,  irtiich  we 
plan  to  do  in  the  future. 

Table  I  lists  some  of  the  principal  features  of 
the  laser-heated  gas  Jet. 

TABLE  I 

LASER  GAS  JET  FEATURES 

•  IHie  laser-plasma  interaction  occurs  in  a  region  of 
long  scale  length,  without  reciuirlng  the  ablation 
of  a  solid  surface. 

•  Inverse  bremsstrahlung  absorption  and  stimulated 
BriUouin  scattering  are  the  main  coupling 
mechanisms . 

•  No  evidence  of  suprathermal  electrons,  hard  x-rays, 
stimulated  Raman  scattering, or  resonance  absorption. 

•  Absorption  -50X. 

•  Holographic  interferograms  provide  density  distri¬ 
butions  of  neutral  gas  or  plasma. 

•  Scale  Lengths:  100-200  um. 

•  Plasma  Tg  -  0.2  to  0.8  keV  via  foil- filtered  TLDs, 
films,  and  spectroscopy. 

•  Produces  spectroscopically  diagnosable  high  tempera¬ 
ture  plasmas  (Hj.  -  10  ”  -  10**  cm->)  since  density 
profile  is  time  independent. 

•  Plasma  is  well  characterized  so  theoretical  des¬ 
cription  is  encouraged— opacity  measxirements  are 
possible. 

•  Still  to  be  done  for  the  gas  Jet  as  an  x-ray  source: 

—  account  for  non-equilibrium  effects 

—  more  detailed  comparison  of  7*Hg  via  ■  o- 
scopy  and  interferometry 

—  time  resolution  of  spectral  informt.;;!:-. 
streak  spectroscopy. 
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Described  here  is  an  operational  method  which  has  A  Boiler- 

been  developed  for  the  calibration  of  spectroscopic  used  which  has 

films  for  the  low  energy  x-ray  region  of  100-2000  eV,  tion  and  objec 

along  with  some  preliminary  photographic  density.  B,  were  microdens 

versus  exposure.  E,  measurements  for  the  RAR  2497  films.  0.1  and  object 

The  2497  films  are  the  successor  to  the  widely  applied  density  filter 

2490  films.  A  comprehensive  sensitometric  study  of  the  the  range  .01 

RAR  2490  has  been  reported  by  R.  F.  Benjamin,  P.  B.  densitometer  c 

Lyons  and  R.  H.  Day  [1].  (See  also  their  references  for  The  35  im 
a  review  of  works  on  the  calibration  of  photographic  tion  for  six  n 
materials  for  this  low  energy  x-ray  region.)  D-19.  Standar 

Our  measurements  are  derived  directly  from  calibra-  used.  Drying 
ted  spectra  of  standard  x-ray  source  characteristic 
lines  as  simultaneously  dispersed  at  normal  incidence 
along  a  detection  circle  by  elliptically  curved  crystal/ 
multilayer  analyzers.  This  type  of  spectrograph  is 
describe  elsewhere  in  these  Proceedings  [2].  The 
absolute  peak  counting  rate  above  background  is  deter-  proport 

mined  by  a  flow  proportional  counter  that  is  scanned 
along  the  detection  circle  using  a  precision  goniometer. 

Multiple  exposures  are  then  taken  with  the  photographic 
films  placed  along  the  same  detection  circle  and  under 
identical  spectrographic  conditions  in  order  to  obtain  i 
the  reguired  range  of  values  of  photographic  densities  | 
at  the  peaks  of  the  calibrated  lines.  An  example  of  the  | 
corresponding  proportional  counter  and  microdensitometer  ~ 
scans  for  several  diffracted  orders  of  the  Cu-La  (13.3  s 

A/930  eV)  radiation  (from  an  elliptically  curved  lead  > 

behenate  analyzer— 2d«120  A)  is  shown  in  Fig.  1.  | 

For  the  D  vs  E  measurements  that  are  presented  here,  8 
appropriately  filtered  line  radiations  from  the  follow-  z 
ing  x-ray  tube  anodes  were  used:  molybdenum,  graphited 
aluminum,  anodized  alurainun,  copper  and  aluminum.  These 
yielded  the  strong,  easily  isolated  radiations:  No-Mc  , 

(64.4  A/193  eV),  C-Ka  (44.7  A/  277  eV),  O-Ko  (23.6  A/525 
eV).  Cu-La  (13.3  A/930  eV),  and  A1-Ka  (8134  A/1487  eV).  fj 

Filters  were  used  on  the  x-ray  tube  window,  on  the  J  I 

entrance  aperture  (at  the  center  of  the  detection  ~  — 

circle)  to  the  photographic  film  cassette  [3]  and  on 
the  proportional  counter  window.  The  filters  for  the 
camera  and  for  the  counter  were  carefully  matched  so  nruciToi 

that  their  attenuation  factors  cancel  out  in  these  — 

absolute  measurements.  Approximately  800  A  of  aluminum 
was  vacuum  deposited  upon  the  light-transparent  filters 
to  block  visible  and  uv  background  light. 

In  order  to  measure  the  absolute  photon  intensity 
at  a  peak  of  a  given  spectral  line,  pulse  height  windows 
with  a  “pressure-tuned*'  flow  proportional  counter  were  I 
used  to  eliminate  high  energy  radiation  components  that 
might  appear  as  high  order  diffraction  background  to  ' 

the  spectral  line.  Subatmospheric  propane  counter  gas 
was  used  for  all  wavelengths  longer  than  10  A.  Atmos¬ 
pheric  P-10  was  used  for  the  A1-K  radiation.  It  is  i 

assumed  that  all  photons  of  a  given  energy  that  are  I 

absorbed  within  the  gas  path  of  the  counter  will  be 
counted  and  with  pulse  heights  characteristic  of  that  | 

energy.  The  equivalence  of  photon  absorption  efficien- 
cy  and  photon  counting  efficiency  was  verified  by  i 

measuring  count  rate  vs  counter  pressure  which  yielded  J 

the  expected  pressure  dependence  [4].  - - 

The  counter  and  the  effective  microdensitometer 
slit  widths  were  matched  at  approximately  100  microns, 
which  dimension  is  small  as  compared  with  the  FUHi  of 
the  spectral  lines  that  were  measured.  The  photographic 
emulsion  granularity  may  be  considered  very  small  at 
this  100  micron  scale. 

0094-243X/81/750275-03$1.50  Copyright  1981  American  Institute  of  Physics 


A  Boiler-Chi vens  Model  14213  microdensitometer  was 
used  which  has  continuously  variable  primary-illumina¬ 
tion  and  objective  apertures.  The  data  presented  here 
were  microdensitometered  with  primary  illumination  of 
0.1  and  objective  0.25  numerical  apertures.  Ten  neutral 
density  filters  (Balzers)  of  calibrated  densities  in 
the  range  .01  to  2.4  were  used  to  establish  the  micro- 
densitometer  calibration. 

The  35  mn  2497  film  [5]  was  developed  with  agita¬ 
tion  for  six  minutes  in  a  film  tank  with  full  strength 
D-19.  Standard  stop  bath  and  fixing  solutions  were 
used.  Drying  was  at  room  temperature  and  in  still  air. 


PROPORTIONAL  COUNTER  SCAN  OF  Cu-L  SPECTRUM 
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RESULTS 

In  Figs.  2  through  6  we  present  the  D  vs  E  curves 
for  the  five  standard  laboratory  wavelengths  In  the  193- 
1487  eV  photon  energy  region.  For  three  of  these 
radiations  (277  ev,  S2S  eV  and  1487  eV)  we  were  able  to 
compare  the  data  with  the  0  vs  E  curves  as  reported  by 
Benjamin,  et  a1  [1]  for  the  similar  2490  emulsion  (light 
lines).  It  Is  Important  to  note  that  the  densities  that 
were  measured  for  the  2490  film  were  optical  diffuse 
densities  which  are  characteristically  lower  than  the 
corresponding  values  as  measured  with  an  objective  lens 
of  small  nunerlcal  aperture  (as  0.25  which  has  been 
used  In  our  measurements). 

For  the  conventional  microdensitometry  of  photo¬ 
graphic  spectra,  matched  numerical  apertures  for  the 
Illumination  and  the  objective  optics  are  often 
employed,  for  example,  as  0.1  for  low  resolution,  large 
silt  operation  and  0.25  for  high  resolution,  fine  silt 
operation.  In  order  to  permit  a  conversion  of  our  0  vs 
E  data  to  the  matched  0. 1/0.1  numerical  aperture 
measurement,  we  have  determined  by  measurement  on  the 
2497f11mand  presented  In  Table  1  the  ratio  0(0. 1/0.1)/ 


0(0.1/0.25).  The  decrease  of  the  measured  density  values 
as  the  numerical  aperture  of  the  objective  lens  Is  In¬ 
creased  Is  dependent  upon  the  scattering  power  (grain 
size)  of  the  particular  film.  These  ratios  can  also  be 
used  to  predict  the  equivalent  optical  diffuse  density 
using  the  results  given  by  Weaver  [6]. 

In  order  to  describe  the  photon  energy  response  of 
the  2497  emulsion,  we  present  In  Fig.  7  the  sensitivity, 
S,  vs  photon  energy,  E  (eV).  Here  we  have  used  the 
definition  for  sensitivity,  S,  as  the  reciprocal  of  that 
exposure  value  which  yields  a  density  of  0.5  as  measured 
here  with  our  0.1/0.25  mlcrodensltcmeter  numerical 
apertures.  These  values  for  the  sensitivity,  S,  can  be 
used  to  estimate  corresponding  values  as  measur^  with 
other  objective  lens  numerical  apertures  by  using  the 
data  presented  In  Table  1  and  the  results  presented  In 
Ref.  6. 

The  sharp  drop  In  this  sensitivity  curve  Is  the 
result  of  the  sudden  Increase  In  the  absorption  of  the 
gelatine  overcoating  at  the  carbon-K  edge  (280  eV).  It 
Is  expected  that  this  sensitivity  will  continue  to  In¬ 
crease  essentially  mmotonlcally  with  photon  energy  to 
about  2000  eV  In  which  region  It  will  begin  to  drop  off 
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as  the  silver  halide  grains  become  more  transmissive 
with  Increasing  photon  energy  (up  to  the  sllver-L  edges 
at  about  3000  eV  where  the  absorption  efficiency  of  the 
silver  halide  grains  Is  abruptly  Increased). 

This  work  on  the  characterization  of  photographic 
emulsions  appropriate  for  the  low  energy  x-ray  region 
Is  continuing  at  this  laboratory  on  the  RAR  2497  and 
other  films  Including  the  Kodak  101-01. 
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A  Study  of  Bare  X-ray  Diode  Saturation  Due  to  a  High  Fluence  X-ray  Pulae^*^ 

R.  B.  Splelaan  and  J.  P.  Anthes 
Sandla  National  Laboratorlee,  Albuquerque,  NH  87185 
ABSTRACT 

We  have  studied  the  response  of  bare,  alualnum  photocathode,  x-ray  diodes  (XRD’s) 
exposed  to  a  source  of  pulsed  x-rays  from  a  laser  produced  plasma.  Three  cross  calibrated 
detectors  were  placed  at  varied  distances  from  the  source.  Saturation  occurred  at  the 
Chlld-Langmulr  predicted  value.  When  low  transparency  screens  were  used  as  attenuators  for 
the  XRD's,  saturation  occurred  at  values  below  those  predicted  by  the  Chlld-Langmulr 
formula. 


I.  INTRODUCTION 

Saturation  of  an  X-ray  diode  (XRD)  becomes  an 
Important  Issue  when  the  detector  Is  exposed  to  a  high 
Intensity,  soft  x-ray  source.  Photoelectrons,  produced 
by  soft  x-rays,  leave  the  surface  of  the  photocathode 
with  relatively  little  energy  and  their  trajectory  to 
the  anode  Is  susceptible  to  perturbation  by  self  fields. 
When  the  space  charge  fields  are  large  the  XRD  can  satu¬ 
rate.  This  effect  must  be  considered  when  fielding 
detectors  and  analyzing  data. 

This  paper  describes  the  results  of  experiments 
which  show  that  Chlld-Langmulr  space  charge  effects  can 
cause  severe  saturation  of  XRD  signals.  We  also  examine 
the  effect  of  low  transparency  attenuating  screens  on 
the  saturation  of  x-ray  diodes. 

II.  EXPERIMENTAL  DESCRIPTION 

The  detectors  consisted  of  three  Identical,  cross 
calibrated,  bare  XRD's.  Each  XRD  had  a  diamond  turned, 
aluminum  (99. 9X  pure)  photocathode  which  was  1.25  cm  in 
diameter.  The  anode  consisted  of  high  transparency 
(T  •  .64)  copper  screen  placed  .125  cm  from  the  photo¬ 
cathode.  The  detectors  were  typically  operated  at 
lOOOV.  The  detector  array  was  exposed  to  soft  x-rays 
generated  In  a  laser  produced  plasma.  A  Nd-Glass  laser, 
which  can  deliver  up  to  50J  In  7  x  10~  sec-focussable 
to  1  X  10^'  W/cm^,  was  used  to  llluilnate  aluminum  or 
gold  targets  to  generate  the  hot  plasma. 

To  study  XRD  saturation  we  placed  the  three  detec¬ 
tors  at  58  cm,  98  cm  and  228  cm  from  the  source.  We 
then  recorded  a  large  niaber  of  signals  from  shots  which 
had  different  laser  energies  and  different  target  mate¬ 
rials.  This  procedure  enabled  us  to  observe  the 
response  of  the  detectors  over  a  wide  range  of  x-ray 
intensity.  The  above  technique  was  carried  out  for  bare 
XRD's  and  attenuated  (screened)  XRD's.  The  data  was 
recorded  on  Tektronix  7912AD'a  which  allowed  rapid  data 
reduction. 

III.  EXPERIMENTAL  DATA 
A.  Data  From  Unattenuated  Bare  XRD's 


signals  on  all  of  the  data  are  characterized  by  an 
abrupt  transition  to  saturation  at  the  same  absolute 
detector  signal  level.  It  Is  Interesting  to  note  that 
the  most  heavily  saturated  signal  does  not  exceed  the 
maximum  value  allowed  by  Chlld-Langmulr  space  charge 
limited  flow. 

B.  Data  From  Attenuated  Bare  XRD's 

Our  second  objective  was  to  study  the  effect  of 
attenuating  screens  on  detector  saturation.  A  low 
transparency  copper  screen  (2000  lines  per  Inch, 

T  ~  .24)  was  used  as  an  attenuator.  Because  screens 
attenuate  by  acting  as  a  dispersed  aperture  one  might 
suspect  that  photocathode  "hot"  and  'cold'  spots  could 
affect  XRD  saturation.  A  repeat  of  earlier  runs  was 
made  with  attenuated  XRD's.  Figure  2  shows  signals 
for  three  attenuated  detectors. 

The  two  closest  detectors  ere  saturated.  The 
Interesting  thing  to  notice  is  the  subtle  saturation 
in  the  second  largest  signal.  The  signal  saturates 
'smoothly”.  Even  the  heavily  saturated  signals 
appears  smooth  and  does  not  have  the  abrupt  look  seen 
in  Fig.  1.  At  very  high  x-ray  fluences  the  XRD's 
yield  signals  greater  than  the  saturated  levels. 

Figure  3  shows  data  where  the  signals  are  larger  than 
the  Chlld-Langmulr  space  charge  flow  prediction. 


Our  first  objective  was  to  study  the  saturation  of  1.  e-09  SEC 

the  simplest  XRD  possible,  an  unattenuated  bare  XRD. 

For  low  x-ray  fluences  the  detectors,  when  corrected 
for  solid  angle,  yield  nearly  identical  signals  .05). 

This  Is  Importaj  '  because  It  allows  us  to  see  smaTl 
deviations  from  unsaturated  behavior.  Figure  1  shows  i 

a  typical  data  set.  The  data  Is  corrected  for  detector  ™«ttenuated  bare  XRD  signals  showing  detector 

solid  angle.  The  signals  from  two  of  the  detectors  «••>.  «nd  c  are  at  distances  of 

show  signs  of  saturation.  The  saturation  la  very  5®  °»  respectively, 

distinct  and  occurs  at  exactly  the  level  predicted  by 
Chlld-Langmulr  apace  charge  limited  flow.  The  saturated 
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Equation  1  Is  the  traditional  fom  for  Chlld- 
Langmulr  space  charge  limited  flow.  Ue  can  cast 
equation  1  In  a  more  useful  form  for  x-ray  diodes 
-ft  |vl^/2 

I  “  2.34  X  10  °  A  '  A  *  (amperes)  (2) 

2 

A  Is  the  detector  area  In  cm  ,  V  Is  the  applied  diode 
voltage  In  volts  and  d  Is  the  anode  cathode  spacing  In 
cm.  This  formula  accurately  predicts  the  saturated 
levels  of  all  of  our  data  except  for  one  specific  case 
described  below. 

An  XRD  needs  charge  to  provide  a  signal  as  it 
gets  It  from  the  capacitance  of  the  detector  and 
nearby  cable.  Because  the  charge  In  the  local 
capacitor  also  provides  detector  voltage  we  have  the 
possibility  of  charge  depletion  reducing  the  "local" 
voltage  and  causing  premature  detector  saturation. 

The  solution  is  to  reduce  Che  absolute  signal  size 
by  decreasing  detector  aperture.  (Note  that  Che 
charge  available  -  length  of  cable  -  is  proportional 
to  the  pulse  duration  of  the  radiation.) 

V.  CONCLUSION 


Fig.  2.  Attenuated  (with  screens)  bare  XRD  signals 
showing  gradual  detector  saturation.  Detectors  a,  b, 
and  c  are  at  distances  of  228  cm,  98  cm,  58  cm 
respectively. 


Fig.  3.  Attenuated  bare  XRD  signals  showing  over¬ 
shoot  in  the  saturated  signal.  Detectors  a,  b,  and  c 
are  at  distances  of  228  cm,  98  cm,  58  cm  respectively. 


IV.  CHILD-LANGMUIR  SPACE  CHARGE  LIMITED  FLOW 

The  peak  signal  from  an  XRD  Is  determined  by 
Chlld-Langmulr  space  charge  limited  flow.  When  there 
are  large  numbers  of  electrons  In  the  anode-cathode 
gap  electric  fields  produced  by  the  electrons  in  the 
gap  repel  other  electrons  leaving  the  photocathode. 
There  exists  a  steady  state  solution  for  one-dlmenslon 
cold  electron  flow. 


Space  charge  limited  flow  is  the  saturation 
mechanism  for  x-ray  diodes.  Unattenuated  bare  XRD's 
saturate  abruptly  at  precisely  the  value  predicted  by 
Chlld-Langmulr  space  charge  limited  flow.  XRD's  which 
have  been  attenuated  with  low  transparency  copper 
screens  begin  to  saturate  at  signal  levels  less  than 
the  predicted  value  and  do  so  In  a  gradual  fashion. 

It  is  Important  to  realize  that  this  saturation  might 
not  be  noticed  If  no  unsaturated  reference  signal 
existed. 


a)  This  work  supported  by  the  U.  S.  Dept,  of  Energy. 


Rick  SpleljMn  of  Sandia  discussing  his  poster  psper 
with  David  Nagel  of  NRL  and  Paul  Nix  of  Sandia. 
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The  Reflecting  Properties  of  Soft  X-Roy  Multilayers 
Alan  E.  Rosenbluth  and  J.  M.  Forsyth 

Laboratory  for  Laser  Energetics,  University  of  Rochester,  250  East  River  Rd.,  Rochester,  N.Y. 
14623 


ABSTRACT 

We  treat  a  variety  of  problems  in  the  theory  of  soft  x-ray  multilayer  mirrors.  A 
characteristic  matrix  solution  to  Maxwell's  equations  is  presented  that  applies  to  both 
periodic  and  non-periodic  reflectors  whose  layers  can  possess  arbitrary  index  gradients. 
Procedures  <re  (Wived  to  maximize  multilayer  reflectivity  in  the  kilovolt  and  sub-kilovolt 
regime.  A  refractive  correction  to  Bragg's  low  is  derived  that  includes  the  effect  of 
atMorption  as  well  as  the  effect  of  dispersion.  Multilayer  reflectivity  in  the  presence  of 
random  thickness  errors  is  treated  crxilytirxilly.  An  analytic  treatment  of  different  kinds 
of  interf(x:ial  roughness  is  described.  The  reflecting  properties  of  the  multilayers  may 
C(xitain  qualitative  sigrxitures  that  <re  charocteristic  of  the  different  kinds  of  roughness. 
The  effect  of  interlayer  diffusicx)  is  discxjssed. 


I.  Characteristic  Matrix  Analysis  of  X-Ray 
Reflectors 


Our  analysis  of  x-ray  multilayers  proceeds  from  a 
solutirxi  to  Maxwell's  material  equations,  given  that 
the  multilayer  structure  has  a  spatially  varying 
complex  dielectric  const<vit  «.  In  this  respect  our 
(Tialysis  follows  the  Ewald-v<vi  Loue  dynamical  theory  of 
crystal  diffraction.  In  the  dynamirxil  theory  it  is 
assumed  that  c  is  three-dimensi<xially  periodic,  as  in  a 
perfect  crystal.  We  assume  that  «  is  a  functi<xi  only 
of  the  c<x)rdinate  z  normal  to  the  multilayer  surface;  < 
need  not  be  rig<x’ously  peri(xlic. 

In  this  case  it  is  known  that  the  wave  equati<xi 
(xin  be  separated  into  ordinary  differentiai  equati<xis, 
whose  solutions  can  be  put  into  characteristic  matrix 
form.*  The  characteristic  matrix  solutions  for 
homogeneous  layers  ore  commonly  used  in  optical 
multilayer  cxilculotions. 

In  the  visible,  these  differential  equotions  must 
be  solved  numerically  in  the  case  of  a  general 
structural  profile,  but  f<X’  the  x-ray  regime  we  have 
solved  them  analytically  under  the  assumption  that 
I  «  -1 1  «  I  .  Essentially,  we  treat  the  material  medium 
as  giving  rise  to  a  perturbaticxi  in  the  vacuum  fields. 

We  now  present  this  solution. 

Let  the  plane  of  incidence  be  the  y-z  plane. 

"  Define: 

S  Polorizaticxi  P  Polarization 

E  H  Ej^  E  =  -i  /cos6 

H  =  /cose  H  =  fi 

'  X 

The  characteristic  matrix  soluticxi  f:^  the  Kth 
cell  of  the  multilayer  shown  at  ri^t  is: 


( 


#X.I 


where: 


•cos  ♦s-ps  -i  (tc-ys) 
•i  (te+ys)  -cos 
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Fig.  1.  Decomposition  of  reflector  into  unit  cells. 


We  note  that  the  structure  as  determined  by 
A(z)  ■  l/2(«(e)-l)  need  not  corresp<xrd  to  a  successicxi  of 
homogeneous  layers,  but  con  have  on  arbitrary  voriaticxi 
along  z. 

If  PK  is  the  amplitude  reflectivity  of  the  st<x:k  of 
cells  K-l,  K-2,  ...  1,  then: 

fit  ■  I  +  Wk  ■  I  -  OK  (4) 

From  these  we  can  derive  a  difference  equati<xi 
that  propagates  the  amplitude  reflectance  from  unit 
cell  to  unit  cell.  This  is  czialogous  to  the  amplitude 
recursicx:  formula  that  is  used  to  propagate  the 
reflected  amplitude  from  single  layer  to  single  layer 
in  optical  multilayer  calculations.  The  equation  is: 


OsB-^sced/ dzA(z) 
^  ceU 


tK  ■  sin  ds  -  «w 


(3) 


This  equation  is  pcrticularly  useful  in  analysing 
ixxi-peri(xlic  multilayers. 


(Here  «e  follow  the  optics  convention  where  $  is  measuied  to  the  normsi.) 
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II.  Equivalent  Parameter  Analysis  of  Periodic 
Reflectors 


where 

This  is  also  the  reflectivity  of  on  x>ray 
multilayer  having  J  cells. 
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Fig.  2.  Structure  of  unit  ceil  in  a  bilayer  reflector. 


A  multilayer  with  o  bilayer  structure  consists  of 
alternating  honiogeneous  layers  of  two  different 
materials.  If  the  thicknesses  of  the  different  layers 
of  each  material  ore  equal,  the  nmiltilayer  is  periodic. 

By  placing  the  cell  bourKkiries  at  the  midpoints  of  the 
L  layers  the  cell  structure  con  be  rrKide  centrosymrrretric 
as  shown  in  the  diogrom  above. 

Then  the  parameter  p  is  zero,  and  the 
characteristic  matrix  solution  becomes: 


-I 


where: 


y 


(Ah  •  Al)  sinflw 


M 


(itAl  +  fif  (Ah  •  Ai)] 


(6) 


(7) 


This  has  the  form  of  the  well-known  charocteristic 
matrix  solution  for  a  singie  homogeneous  layer  having 
an  index  of  refraction  n,  and  phase  thickness  p. :  * 


'"■'V 

J 

( 

'•m.  lio  A 

-(i/a.)sin  A 
cos  A 


(8) 


III.  Optimization  of  Reflectivity 


A  computer  program  can  be  used  to  determine  the 
optimum  layer  thickrKisses  in  on  x-ray  reflector  via 
starxiard  optimization  algorithms.  A  study  of  such 
optimized  designs  shows  that  if  the  radiation  erwrgy  is 
above  about  1(}0  ev,  a  bilayer  reflector  that  is 
periodic  con  achieve  rworly  the  maximum  reflectivity 
that  is  possible  from  given  layer  materials. 

The  results  of  the  connputer  study  agree  with  a 
theoretical  analysis  we  have  mode.  It  con  be  shown 
analytically  that  if  J  is  large,  the  reflectivity  of  on 
optimized  periodic  reflector  is  an  extremum  with 
respect  to  an  arbitrary  perturbation  in  structure. 

(The  structures  of  the  different  cells  need  not  be 
perturbed  equally).  This  orxjlysis  neglects  small  terms 
proportional  to  tiw  square  of  the  differernre  of  the 
index  of  refraction  from  one. 


NUMBER  OF  LAYER  PAIRS  J 

1.  R(J)elnen.pHi1adlciMgraopllnili*««lMcliJ  (ZJdHgrMtolliMdoni) 

2.  n  ( J)  •«  pwMIc  Men*  epilniiae  at  Hacti  J  (Z  dten**  a*  *'«*^wn) 

S.  W(J)era»ai1adtetftal9naeaHilaaeat  (2  dagisaa  a(  traadani) 


Fig.  3.  Comparison  of  optimization  schemes. 


To  motch  this  matrix  to  the  characteristic  matrix  for 
the  unit  celi  of  on  x-ray  reflector,  eg.  (6). we  must  moke  the 
assignments  A  *  r  +  "•  »  where 

I  m  ^  -  It  .  The  two  matricies  will  be  equal  to  within 
first  or^  in  8  and  A. 

This  matchirrg  of  nratricies  is  on  example  of  whot 
in  thin  film  optics  is  known  as  the  method  of 
equivalent  parameters.*  There  is  a  straightforward 
(ZMiogy  between  the  properties  of  the  single  equivalent 
layer  and  the  single  cell  of  an  x-ray  reflector. 

A  reflector  with  J  cells  corresponds  to  a  stock  of 
J  equivalent  loyers,  which  is,  in  effect,  a  single 
layer  of  phase  thickness  J0,, 

By  letting  £,«I  +  P,  and 
obtain  the  well-known  e)q)ression  for  the  retlectivity 
of  a  single  layer: 


<8.  -  l/n.)  mi  (JS) 

2  -  Ka,  +  l/B.)  taa  (J« 


(9) 


For  this  reason  we  now  concentrate  on  the  periodic 
case.  When  J  is  large,  the  reflectivity  of  a  periodic 
multilayer  with  a  centrosymmetric  structure  is  given  by 

(10) 

Let  0  dot  represent  a  derivative  with  respect  to 
some  structural  parameter.  Using  p*-(tH)ty  one  can 
obtain  a  general  optimization  corxlition  on  the 
intensity  reflectivity  R  ■  ppP : 

II-2R  Re  ^  -2R  Ra  (ID 

A  similar,  but  slightly  more  complicated  result  con 
be  btairwd  if  p^ 

We  show  '  w  in  sec.  IV,  eq.  16-17,  that  at  the 
wav.  .  '  of  3k  reflectivity,  t  is  pore  imaginary. 
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The  condition  for  maximizing  the  peak  reflectivity 
is  therefore: 


y 


(12) 


or 


Red/*)  -  0 

Re(«)-0  (17) 


As  on  application  of  this  result,  we  consider  the 
problem  of  optimizing  the  H  to  L  thickness  ratio  in  a 
multilayer  with  a  bilayer  structure. 

In  order  to  do  so  we  apply  our  optimization 
condition  to  the  parameter 

03) 

and  obtain  a  condition  first  obtained  by  Vinogradov  and 
Zeldovich  for  the  case  of  reflection  at  normal 
incidence:’ 


(14) 

Iib(Ah  -  Al) 


More  generally,  we  consider  mth  order  diffraction, 
and  let  /R.  ~  me  (dH/dH-tdi.).  We  obtain  the  optimization 
condition: 


melmfAi.) 
Iin(AM  -  At) 


(15) 


in  the  plot  below,  and  in  the  other  numerical 
examples  of  this  report,  we  have  used  preliminary 
values  for  atomic  scattering  factors  from  a  forthcoming 
compilation.'  These  have  generously  been  provided  to 
us  by  B.Henke. 


The  same  cotMlition  is  obtained  in  the  general  case 
when  pyO. 

The  requirement  that  Re  (8)  «  0  is  the  some  as 
requiring  that  the  real  port  of  the  equivalent  phase 
thickness  A  equal  w,  which  is  different  from  the  usual 
requirement  in  the  abserx:e  of  absorption  that  the  real 
port  of  the  optical  phase  thickr:ess  equal  ir.  The 
difference  is  a  consequence  of  the  presence  of  multiply 
reflected  beanru.  In  an  absorbing  structure,  these 
beams  urKlergo  phase  changes  upon  reflection,  causing  a 
l>hase  change  in  the  overall  oscillation  across  each 
cell. 

Since  S  ■  •Jr-Y  ,  we  can  write  our  requirement 
that  Re  (8)  “  0  as  Im  (S’)  “  0  ,  which  can  be  shown  using 
the  Schwarz  inequality  to  automatically  imply 
Refs')  <  0  ,  The  condition  Im  (S’)  «  0  can  be  manipulated 
to  give: 

where  primes  ovt  double-primes  derwte  real  end 
imagirary  perts.  This  result  was  first  discovered  by 
F.  Miller’  in  the  context  of  crystal  diffraction,  aid 
independently  by  us  in  the  context  of  multiloyer 
reflection.  P.  Lee,  of  LASL  is  a  collaborator  with 
us  in  this  work. 

In  the  usual  formulo  for  the  dispersion 
correction,  the  term  in  square  brackets  is  missing.’ 

The  first  term  in  parentheses,  m',  can  be  considered 
to  represent  dispersion,  the  term  in  square  brackets 
absorption. 

The  relative  magnitude  of  the  two  effects  are 
compared  in  the  plot  below.  The  ratio  plotted  is 

ej-e, 

(19) 

Ob  -  o  j 

where  9(asrcot(X/2d),  Si  is  the  true  Bragg  angle  as 
corrected  for  absorption  and  dispersion,  and  Si  is  the 
Bragg  angle  os  corrected  for  dispersion  only. 

It  can  be  shown  that  the  absorption  correction  is 
always  smaller  than  the  dispersion  correction,  but  as 
the  plot  shows  there  ore  cases  in  which  the  two  are 
comparable.  The  absorption  correction  must  therefore 
be  included  whenever  on  occurate  matching  of 
wavelength,  angle,  and  2d-spacing  is  required. 


Fig.  4.  Reflectivity  as  a  function  of  thickness  ratio. 


IV.  The  Absorption  Correction  to  Bragg's  Law 


It  is  well-known  that  the  Brogg  condition  for 
crystal  diffraction,  2d  cm  S  >  A  ,  must  be  corrected  for 
the  dispersive  effects  of  the  crystalline  medium 
(following  the  optics  convention,  S  is  the  angle  of 
incidence  to  the  normal).  It  is  less  well-known 
however,  that  Bragg's  law  must  be  corrected  for 
absorption  as  well  as  for  dispersion. 

In  our  formolism,  the  parameter  ^  represents  the 
detuning  of  a  multilayer  from  the  simple  Bragg  angle 
Sb  ■  arem  (A/2d),  through  the  relation: 

♦  =  (coseg  -  COS0  )  (16) 

To  find  the  exact  angle  of  maximum  reflectivity  we 
optimize  the  structure  with  respect  to  the  parameter  ♦. 
Then  using  the  optimization  coridition  introduced  above 
(eq.(nB,  and  setting  y  -  0,  i  >  I,  we  get: 


Fig.  5.  Comparison  of  absorption  correction  to  dispersion 
correction. 


(25) 


V.  The  Effect  of  Random  Thickness  Errors  On 
Multilayer  Reflectivity 


<  Pi>  = 


-20 

I  -wEi 


Random  thickness  errors  in  on  x-ray  multilayer  can 
cause  a  severe  degredation  in  reflectivity.  Even  when 
the  errors  ere  small  compared  to  the  multilayer's 
2d-spacing,  they  con  cause  a  significant  cumulative 
deplnsing  if  not  compensated  for  during  the  fabrication. 

Previous  theoretical  analysis  of  the  effect  of 
random  thickness  errors  is  largely  limited  to  the  work 
ui  Shellon  on  optical  Bragg  reflectors.^  Shellon 
treats  thickness  errors  os  a  small  perturbation  in  the 
structure  of  dielectric  reflectors  having  a  small 
coupling  constant  per  cell.  X-ray  reflectors  have  a 
small  coupling  constant,  but  it  may  not  be  adequate  to 
consider  the  errors  in  x-ray  reflectors  to  be  small 
perturbations  that  cause  only  a  small  degredation  in 
reflectivity.  In  the  soft  x-ray  regime  it  is  also 
important  to  include  absorption,  which  can  be  the  major 
foctor  determining  the  reflectivity. 

We  have  met  these  requirements  using  on  artalysis 
based  on  the  amplitude  recursion  equation  introduced 
above  (eq.  (5)X  This  eguation  is: 

p^^^re  '  p^.(iY.p)-(iY+p)  p^  (20) 

We  treat  ^  as  a  random  variable  with  mean 

<*«>  »  IT  -  (2ir<d,>/X)coi«  (21) 

and  krown  variance  <  >.  In  a  bilayer  reflector, 

<  A*’  >  =-^  cos’  «  (  <  AL'  >  +  <  AH’  >  )  (22) 

if  the  errors  in  the  L  and  H  layers  are  independent. 

We  make  the  problem  analytically  tractable  by 
first  dividing  pt.  into  a  deterministic  and  a 
non-deterministic  part,  Px  ■  <  >  +  3k ,  and  then 

making  use  of  the  inequality: 

<|pklS  <  <tPxl*>  <  \  (23) 

The  right  ir«quality  is  fairly  strong  in  the  soft 
x-ray  regime,  where  absorption  is  fairly  large.  The 
ri^t  inequr'ify  is  also  pOTticularly  strong  when 
<  aV  >  ►Ip),  sirree  the  reflectivity  is  then 
severely  degraded  by  the  thickness  errors. 

On  the  other  hand,  the  left  bond  inequality 
becomes  very  strong  when  <  A^’  >  <  |  p  I ,  since 
<PK>aiPK  when  the  errors  are  small. 

For  these  reasons  I  3»1  is  generally  <  l;  in  our 
analysis  we  therefore  neglect  terms  that  are  cubic  or 
higher  in  9k.  Our  approximation  is  accurate  in  the 
limits  <  A^’  >  >  Ipjond  <A4’>  <  |p|,  but  is  also 
fairly  accurate  in  the  intermediate  region. 

In  a  similar  way  we  treat  the  K-dependence  of  Px 
and  pk  in  an  approximate  way  that  is  correct  in  the 
limits  <  A*’>  <|p|,<A^’>^|p|,  K  <  |  pT',  or  when 
the  absorption  is  sufficiently  lorge  that  |  p|  <  1. 

The  final  result  for  a  reflector  with  J-1  cells 
is: 


<R.>-1<P,>|’ 


2<A»’> 
I  I  -  E,  I  ’ 


(24) 


e4(J-l)Re(u)  j 

2  lm(S)-t-Re(u) 


where: 


*J  = 


e-4(J-l) 


Inr'(^)  3i  ■- l-fy  -  ip)  <  P/> 
f =  i  t  +  <A^*> 


I  +  (u/O 


Ej  =  e*^^"^**  u-Vf -(i7-p)v 


The  accompanying  figure  shows  <Rj>  plotted  as  a 
function  of  RMS  thicness  error  in  a  particular  example. 

We  hove  tested  the  accuracy  of  the  analysis  by 
making  a  Monte  Carlo  simulation.  A  computer  program  is 
used  to  generate  a  large  number  of  randomly  perturbed 
multiloyer  stacks,  and  to  compute  their  meon 
reflectivity.  Sample  results  ore  shown  in  the  plot. 

The  plot  also  shows  a  computation  of  AX/X  as  a  function 
of  RMS  thickness  error. 

There  are  no  free  parameters  in  the  fit  of  the 
anolytic  expression  to  the  Monte  Carlo  results. 


wow  if*  tar  X  W/C  fiNMWyw  wHacXne  Sr  Ji  X  nXlxIan 

otnoorwUnctainoi.  >  7A  X.  tf,  ‘  A 


Fig.  6.  Effect  of  random  thickness  errors  on  multilayer 
reflectivity. 


VI.  The  Effect  of  Interfocial  Roughness  On 
Multiloyer  Reflectivity 


Eastman  has  developed  numerical  methods  to  treat 
the  effect  of  layer  roughness  in  optical  multilayers.* 

We  hove  used  similar  physical  assumptions  to  treat 
certain  kinds  of  roughness  in  x-ray  multilayers 
analytically.  Our  rmxlel  assumes,  in  effect,  that  the 
neor-field  reflected  beam  above  any  point  on  the 
multiloyer's  surface  con  in  principle  be  calculated  by 
inserting  local  values  for  the  layer  properties  into  on 
algorithm  that  computes  the  reflectivity  of  multilayers 
with  planar  interfaces.  Such  a  scalar  model  of  the 
roughness  requires  that  the  transverse  autocorrelation 
length  of  the  roughness  be  lorge  compared  to  the  layer 
thicknesses.  A  more  detailed  discussion  of  the 
physical  assumptions  of  the  scalar  model  is  given  in 
ref.  8. 

Ref.  9  discusses  the  limitations  of  scalar 
scattering  theory  in  comparison  with  more  rigorous 
theories.  In  general  the  scalar  theory  is  best  at 
predicting  total  specular  atx)  diffuse  reflectivities 
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OKi  at  predicting  the  angular  distribution  of  the 
diffusely  reflect^  beom  at  angles  close  to  the 
specular  beam;Jt  cannot  predict  polarization  effects. 

One  ki^  of  multilayer  rougtmess  that  has  been 
treated  with  the  scolor  theory  is  that  which  Eostman 
calls  "identical  films",  in  which  all  layers  ore 
considered  to  reproduce  a  common  roughness  profile 
(generally  that  of  the  substrate).  The  autocorrelation 
length  of  the  roughness  in  the  longitudinal  direction 
is  therefore  very  large.  Spiller  et  al.  and  Haelbich 
et  al.  have  discussed  the  effect  of  roughness  on  x-ray 
multilayer  reflection  in  terms  of  the  same  expression 
as  results  from  the  identical  film  model. 

We  hove  modeled  two  kinds  of  non-identical 
roughness  in  which  the  longitudinal  autocorrelation 
length  is  very  small,  so  thot  the  roughness  profiles  of 
the  different  layers  ore  uncorrelated.  We  refer  to  the 
two  os  "roughening  films"  and  "smoothening  films". 

In  the  case  of  roughening  films,  we  assume  that 
the  errors  in  the  local  layer  thicknesses  above  each 
point  on  the  surface  cause  a  cumulative  dephasing,  so 
that  the  absolute  roughness  of  the  top  layer  increases 
in  a  random  walk  fashion  as  more  layers  are  added.  One 
may  consider  the  formation  of  these  films  to  be  such 
that  the  granularity  in  each  layer  is  independently 
added  to  a  baseline  of  roughness  established  by 
preceeding  layers. 

Under  the  assumptions  of  the  scalar  model,  the 
neor-field  amplitude  is  given  by  the  equation  for 
one-dimensiorxil  thickness  errors  discussed  above.  The 
far  field  coherent  reflectance  is  obtained  by 
evaluating: 

^coh'l^^far  field 

=  (  Fourier  transform(<p jp{x)e  " 

Here  x  is  a  coordinate  along  the  surface,  and  pio(s)  is 
the  near-field  amplitude  os  meosured  at  the  upper 
surface  of  the  multilayer.  This  upper  surface  is 
rough,  so  the  factor  «xp(2iZAdic)  must  be  used  to 
propagate  pid(x)  to  a  meon  plane,  where  the  for-field 
amplitude  con  properly  be  evaluated  via  the  Fourier 
transform. 

The  argument  of  the  transform  is  independent  of  x, 
so  will  be  a  delta-function  of  the  angle  of 
reflection,  lUt  can  therefore  be  identified  os  the 
specular  beam.  Our  expression  for  Ro*  in  the  soft  x-ray 
regime  is  given  below  (eq.(27)). 

A  diffuse  beam  is  also  present.  The  total 
intensity  of  the  diffuse  and  specular  beams  is 
determined  by  the  total  absorption,  which  is  the  same 
os  in  the  case  of  ID  thickness  errors  discussed  above. 

We  have  also  developed  on  analytic  model  for  the 
kind  of  roughness  we  call  "smoothening  films".  Such 
films  moy  be  considered  to  have  a  leveling  nature 
during  some  stage  of  formation,  but  to  rwnetheless 
possess  on  intrinsic  roughness  after  formation  is 
complete.  We  therefore  assume  that  on  error  in  the 
local  thickness  that  a  layer  has  at  some  position  on 
the  reflector  will  be  compensated  for  in  the  thickness 
of  the  next  loyer  deposit^.  The  roughness  height 
necessary  to  cause  a  given  drop  in  reflectivity  is 
therefore  much  larger  thon  in  the  case  of  roughening 
films,  because  the  thickness  errors  do  not  accumulate 
(see  plot). 

It  toms  out  that  the  smoothening  property  of  this 
type  of  roughness  causes  the  intensities  of  the  diffuse 
and  specular  beams  to  become  equal  only  at  a  level  of 
roughrass  where  the  total  reflectivity  hos  been 
decreased  quite  substantially  (via  an  increase  in 
absorption).  In  contrast,  with  roughening  films,  the 
two  become  equal  at  a  roughness  level  where  the  total 
reflectivity  is  only  slightly  decreased.  With 
identical  films,  the  total  reflectivity  is  unaffected 
by  the  magnitude  of  the  roughness. 

With  films  of  both  the  roughening  and  smoothening 
types,  the  total  absorption  reaches  a  steady-state 


level  os  more  and  more  layers  ore  odded.  However  in 
the  case  of  roughening  films  the  proportion  of  the 
reflected  light  in  the  specular  beam  steadily 
decreoses,  since  the  upper  surfaces  get  steadily 
rougher. 

The  acceptance  angle  of  multilayers  with 
smoothening  films  is  not  greatly  influenced  by  the  RMS 
magnitude  of  the  roughness.  In  ine  case  of  roughening 
films,  the  acceptance  angle  is  increased  in  somewhat 
the  same  way  as  would  be  caused  by  an  increase  in  the 
layer  bulk  absorption  constants. 


RMS  ROUOHNE8S  (A) 


Fig.  7.  Effect  of  roughness  -  reflection  into  specular  beam. 


Our  eiqoressions  for  specular  reflection  in  the 
presence  of  roughness  assume  that  the  absorption  has 
reached  its  steody-stote  value.  Our  expression  for  the 
cose  of  smoothening  films  ossumes  o  biloyer  structure 
<rd  Ooussion  statistics  for  the  roughness. 

Our  expression  for  roughening  films  is; 


-  (Fi  -  G  i-i) 


+  2<p,d>0,  Hi(F',-l)|’  (27) 


where: 


Fj5 


Hj  5  e  !  (28) 

<PiB>  is  given  by  eq.  (25), 

and  the  remaining  symbols  ore  as  defined  above. 
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For  smoothening  films,  our  result  is 
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ye 


-2<£*> 


(29) 


<{*>“~jrwith  o  the  RMS  roughness  height  in 
each  interface,  wd  where  V  and  t  are  as  previously 
defined. 

We  note  that  the  effect  of  smoothening  films  is 
very  similar  to  thot  of  interlayer  diffusion.  This  is 
particuiarly  true  if  the  RMS  roughness  height  is  at 
least  moderately  small,  so  that  >  q  1<*I, 

where  q  is  the  number  of  layers  within  one  longitudinal 
autocorrelation  length  of  the  roughness.  (The  analysis 
assumes  that  q|  (i)  4  I  ). 

In  this  case  the  intensity  of  the  diffuse  beam 
will  be  small  compared  to  that  of  the  specular  beam, 
even  though  the  specular  reflectivity  may  be 
considerably  less  than  it  would  be  in  the  absence  of 
roughness.  The  main  effect  of  the  rougfsiess  in  this 
cose  is  to  decrease  the  reflectivity  of  the  multiloyer, 
rather  than  to  scatter  radiation  diffusely.  This  is 
blouse  radiation  that  is  diffusely  scattered  from 
different  layers  adds  only  incoherently  under  the 
assumptions  of  the  smoothening  film  model.  • 

For  comparison,  suppose  one  tnodels  the  diffusion 
process  by  considering  it  to  cause  the  ideal  multilayer 
profile  A(z)  to  be  convolved  with  some  diffusion  profile 
g(z). 

This  causes  the  porameter  v  to  be  multiplied  by 
the  Fourier  transform  of  g(z).  If  g  is  taken  to  be  o 
Gaussian,  g(z)  =  exp(-.5(z/<f)*),  the  reflected 
intensity  is  given  biy  cti  expression  identical  to  eq.(29) 
above  for  R,„,  In  the  presence  of  smoothening  films. 

Ref.  8  gives  an  expression  for  specular 
refl«tivity  in  the  presence  of  identical  films  that 
applies  under  the  assumptions  of  the  scalar  model.  The 
same  expression  is  used  in  ref.  11. 

We  also  note  that  for  all  three  types  of 
roughness,  walkoff  considerations  can  be  shown  to  imply 
that  the  soalor  model  is  applicable  only  when  the 
sep<ratian  between  the  specular  and  diffuse  beams  is 
within  the  occeptonce  angle  of  the  multilayer.  Since 
the  acceptance  mgle  is  likely  to  be  of  the  order  of 
the  field  of  view  in  imaging  applications,  the  scalar 
model  can  be  applied  to  many  imaging  problems  of 
interest. 
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Soft  X-ray  Spectroscopy  Using  Thick  Gold  Transmission 
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abstract 

We  have  fabricated  and  tested  transmission  diffraction  gratings  with  spatial  periods 
of  0.2  and  0.3  pm  and  gold  thicknesses  of  0.25  and  0.65  pm  respectively.  The  fabrication 
process  Included  holographic  lithography.  Ion  milling,  x-ray  lithography  and  gold  micro¬ 
plating.  The  gratings  were  coupled  to  a  Uolter-type  22x  grazing  Incidence  microscope, 
forming  a  high  resolution  Imaging  spectrometer.  This  spectrometer  demonstrated  a  spatial 
resolution  of  "p  1  pm  and  a  resolving  power,  X/AX,  >  200  at  .69  nm.  The  observed  spectral 
resolution,  AX,  was  source  size  limited. 

INTRODUCTION 

Transmission  diffraction  gratings  complement  graz¬ 
ing  Incidence  reflection  gratings,  crystals  and  multi¬ 
layer  films  as  spectroscopic  tools  in  the  soft  x-ray 
region.  Specifically,  transmission  gratings  are  versa¬ 
tile,  cover  a  broad  spectral  range,  require  no  critical 
alignment,  and  are  easy  to  Implement  In  various  spec- 
tromeflc  Instruments.  In  this  article  we  discuss  the 
fabrication  of  gold  transmission  gratings  with  spatial 
periods  of  0.2  and  0.3  pm  at  gold  thicknesses  of  0.25 
and  0.65  pm,  respectively,  the  coupling  of  such  grat¬ 
ings  with  a  22x  Wolter  x-ray  microscope  to  form  an 
Imaging  spectrometer,  and  spectrometrlc  measurements 
using  the  tungsten  M  lines  (1).  In  previous  work  (3) 
minimum  spatial  period  was  1  pm  and  gc  .d  thickness  was 
0.5  pm. 

FABRICATION  OF  GRATINGS  (1) 

The  fabrication  of  the  gratings  began  with  holo¬ 
graphic  lithography.  We  used  a  He:Cd  laser  (X  =  325  nm) 
and  a  configuration  In  which  spatial  filters  were  the 
final  elements  in  the  two  Interferometer  arms.  As  a 
result,  the  grating  period  increases  as  a  function  of 
distance  from  the  center  of  Che  interference  pattern. 

The  spatial  filters  were  positioned  about  1/2  m  from 
the  substrate.  Assuming  spherical  wavefronts.  It  Is 
relatively  easy  to  show  that  In  the  plane  of  the  Inter¬ 
ferometer  the  spatial  period  Increased  by  1  part  In  10^ 
at  distances  oi  5  and  7  mm  from  the  pattern  center  for 
0.3  and  0.2  pm  patterns  respectively.  This  distortion 
can  be  made  arbitrarily  small  by  Increasing  the  dis¬ 
tance  from  tha  spatial  filters  to  the  substrate. 

For  the  0.3  pm  period  gratings  we  exposed  in 
50  nm  thick  AZ  1350J  photoresist  (2),  on  'v  70  nm 
thick  gold,  on  'p  1  pm  thick  polylmlde  on  silicon  wafers. 

The  gold  was  then  Ion  beam  etched  (Fig.  1)  and  a  polyi- 
mlde  membrane  x-ray  mask  was  produced  by  epoxy  bonding 
the  polylmlde  to  a  ring  and  then  chemically  etching  a- 
way  the  silicon  substrate.  This  mask  was  then  used  to 
expose  P  1  pm  thick  films  of  FMMA.  To  minimize  line 
widening  due  to  diffraction  and  penumbra  the  x-ray  mask 
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was  held  In  intimate  contact  with  the  PMMA  by  applying 
an  electrostatic  potential  between  the  substrate  and 
an  aluminum  film  on  the  back  side  of  the  polylmlde  mem¬ 
brane.  X-ray  exposures  were  done  with  the  Cg  x-ray 
(1  “  4.5  nm) ,  In  PMMA  over  a  plating  base  of  10  nm 
Au/10  nm  chromium  on  a  substrate  which  was  either 
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Figure  1 

An  SEM  micrograph  of  an  x-ray  mask  consisting  of 
a  0.3  pm  period  grating  in  70  nm  thick  gold  on  polyl- 
mide.  This  grating  was  produced  by  holographic  lith¬ 
ography  and  ion  beam  etching. 
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0.5  pm  thick  polylmide  on  a  Si  wafer  (for  the  case  of 
membrane  supported  gratings)  or  a  bare  silicon  wafer 
(for  the  case  of  free-standing  gratings).  After  re¬ 
moving  any  resist  residue  between  exposed  lines  with  a 
O2  plasma,  gold  microplating  was  carried  out  in  a  com¬ 
mercial  solution  (Sel-Rex  BDT-510)  (4)  at  a  tempera¬ 
ture  of  45°C  and  a  solution  pH  of  8.5.  A  plating  rate 
of  10  nm/mln  gave  the  best  results.  After  plating,  the 
PMMA  was  dissolved  in  chlorobenzene.  Fig.  2a  shows  the 
PUMA  after  exposure  and  before  microplating.  Fig.  2b 
shows  a  completed  gold  diffraction  grating. 
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Figure  2 

(a)  An  SEM- micrograph  of  a  0.3  urn  period  grating 
in  PMMA,  0.7  pm  thick,  on  a  gold  plating  base,  produced 
by  x-ray  lithograohv. 
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Fig.  2(b)  SEM  micrograph  of  a  gold  grating  pro¬ 
duced  by  electroplating  Into  the  openings  of  the  PMMA 
grating  In  (a) . 


For  polylmlde-membrane  supported  gratings,  the 
silicon  substrate  behind  the  grating  area  was  simply 
etched  away  chemically.  Since  polylmide  absorbs  strong¬ 
ly  (l.e.  >  10  dB/pm)  at  wavelengths  between  2.5  and 
4.3  nm  and  beyond  'v  7  nm  (5),  self-supported  gratings 
are  preferred  for  spectroscopy  at  these  wavelengths. 

To  accomplish  this  we  photollthographlcally  superim¬ 
posed  and  microplated  a  coarse  grid  on  top  of  the 
0.3  pm  grating.  First  a  0.5  pm  thick  layer  of  AZ  1350B 
(2)  was  spun  over  a  0.3  pm  period,  0.45  pm  thick,  gold 
grating  on  a  silicon  substrate.  Then  a  second  layer 
of  3  pm  thick  AZ  1350J  resist  (2)  was  spun  on.  A  6  pm 
period  grating  was  exposed  perpendicular  to  the  0.3  pm 
period  grating  and  a  160  pm  period  grating  was  exposed 
parallel  to  the  0.3  pm  period  grating.  This  grid  was 
then  electroplated  to  a  thickness  of  3  pm.  The  llne- 
wldth-to-perlod  ratios  of  6  pm  and  160  pm  period  gold 
gratings  were  5  to  8  and  1  to  8,  respectively,  so  that 
-v  30Z  of  the  area  of  the  0.3  pm  period  grating  was  un¬ 
obstructed  by  the  support  grid.  After  plating,  the 
resist  was  dissolved  and  the  silicon  behind  the  grating 
etched  away. 

The  199  nm  period  gratings,  with  slits  of  40  nm  in 
gold  250  nm  thick,  were  fabricated  by  a  multistep  pro¬ 
cess  that  permitted  precise  control  of  the  linewldth- 
to-period  ratio.  These  gratings  were  fabricated  for 
use  In  experiments  on  spatial-period-division,  an  ap¬ 
plication  where  such  linewldth  control  is  essential 
(1,6,7).  The  fabrication  procedure  started  with  holo¬ 
graphic  lithography  which  produced  a  grating  pattern 
in -v  50  nm  AZ  1350J  resist  (2)  over  10  nm  thick  Cr  over 
20  nm  thick  Si3N4  on  (100)  SI  wafers.  Chemical  etching 
of  the  Cr,  followed  by  reactive  ion  etching  of  theSl3N4, 
followed  by  KOH  anisotropic  chemical  etching  produced 
a  sawtooth-profile  structure  in  the  (100)  silicon  (8). 

A  polylmide  mold  taken  from  this  structure  was  then 
epoxy  bonded  to  a  ring  and  obliquely  shadowed  with 
25  nm  of  tungsten  to  produce  an  x-ray  mask  with  3  dB 
contrast,  and  40  nm  wide  lines  on  199  nm  centers  (8). 
This  was  then  x-ray  replicated  in  150  nm  thick  PMMA 
over  a  1  pro  thick  polylmide  membrane  on  a  SI  wafer 
followed  by  liftoff  of  10  nm  Cr  and  60  nm  Au.  After 
etching  away  the  silicon,  this  yielded  an  x-ray  mask 
wlth.'v  40  nm  wide  slits  In  gold  60  nm  thick.  This 
"polarity-reversed"  mask  was  then  replicated  into 
250  nm  thick  PMMA  over  a  1  pm  thick  polylmide  membrane 
on  a  silicon  wafer  followed  by  liftoff  of  10  nm  Cr/ 

60  nm  Au  to  yield  a  third  x-ray  mask  having  the  same 
"polarity"  as  the  original  sawtooth  mask  but  with  much 
higher  contrast  ('v  8  dB) .  This  third  mask  was  then 
used  to  expose  'v  40  nm  wide  lines,  on  199  nm  centers. 

In  250  nm  thick  PMMA  over  a  gold  plating  base  on  poly¬ 
lmide  over  a  silicon  wafer.  After  gold  plating  to  a 
thickness  between  200  and  250  nm  the  final  grating  was 
epoxy  bonded  to  a  ring,  and  the  silicon  was  etched  away. 

IMAGING  SPECTROMETER 

We  coupled  the  thick  gold  transmission  gratings 
to  a  Wolter  design  grazing  incidence  microscope  with  a 
magnification  of  22x  (9) ,  thereby  producing  a  high  re¬ 
solution  Imaging  spectrometer.  Fig.  3.  Gratings  were 
supported  on  a  0.5  pm  thick  polylmide  membrane.  Most 
of  the  work  described  below  used  the  0.3  pm  period 
gratings  rather  than  the  0.2  pm  period  gratings  due  to 
the  thicker  gold  in  the  former  (8  dB  attenuation  vs  3.3 
dB  attenuation  at  1  -  0.69  nm) . 

The  theory  and  performance  of  the  22x  Wolter 
microscope  used  In  this  work  has  already  been  described 
In  detail  (9).  The  microscope  has  demonstrated  a  spa¬ 
tial  resolution  of  -v  1  pm  when  the  full  annular  aper¬ 
ture  Is  utilized.  In  the  Imaging  spectrometer  work, 
the  grating  subtended  only  'v  2.5Z  of  the  annular  aper¬ 
ture,  (diameter  of  the  grating  'v  7  mm),  and  the  re¬ 
mainder  of  the  aperture  was  obstructed. 
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Figure  3 

Schematic  diagram  of  the  Imaging  spectrometer.  A 
gold  aperature  mask  was  back-lit  by  the  radiation  emit¬ 
ted  from  a  tungsten  anode.  The  22x  Wolter  microscope 
focuses  Che  transmitted  x-rays  onto  an  Image  plane  after 
first  passing  through  the  gracing.  The  diffraction 
pattern  Is  recorded  on  film. 


An  electron  bombarded  tungsten  anode  was  used  as 
a  source  for  testing  the  Imaging  spectrometer.  The 
characteristic  Mg  and  lines  have  wavelengths  of 
0.698,  0.676  and  0.609  nm  respectively.  A  test  pattern 
mask,  consisting  of  an  array  of  apertures  ranging  In 
size  from  6  x  9  to  about  2  x  2  um  In  a  4  pm  Chick  gold 
foil,  served  as  the  object  In  the  Imaging  spectrometer. 
The  spectrally  dispersed  Images  of  Che  test  pattern 
mask.  In  addition  to  Che  zeroth  order  Image,  were  re¬ 
corded  on  a  variety  of  x-ray  films  (Kodak  type  M,  AA, 
KK,  No  Screen),  Fig.  4.  As  seen  In  Fig.  4,  the  tung¬ 
sten  M  lines  are  clearly  resolved  in  the  first  order 
diffraction  pattern.  The  dispersion,  ds/dA,  at  the 
film  plane,  measured  between  the  and  Mg  lines.  Is 
19.6  mm/nm,  which  agrees  with  the  calculated  disper¬ 
sion  to  within  1/2Z. 

The  minimum  feature  In  the  Image  plane  (Image  of 
the  smallest  aperture,  nominally  2x2  pm)  had  a  full- 
wldth-at  half  maximum  of  66  pm  In  the  zeroth  and 
first  orders,  as  determined  by  densitometry  traces. 

The  spectral  resolution,  AX ,  Is  thus 

AX  (66  pm)(^)  “  3.37  x  10  ^  nm. 


FIRST  ORDER 

TUNGSTEN  N,(‘.»*  A) 
TUNGSTEN  Ne(«.T*  1) 
TUNGSTEN  N,(».0»  A) 


ZEROTH  ORDER 


Figure  4 

Diffraction  pattern  showing  the  Mg  and  My 
lines  of  the  tungsten  anode.  A  microdensitometer  trace 
of  this  figure  indicates  aX/AX  of  200  at  X  ~  0.69  nm. 


thicknesses  up  to  0.65  pm.  The  gratings  were  coupled 
with  a  Wolter  22x  grazing  incidence  microscope  to  form 
an  imaging  spectrometer.  The  Mg  and  My  lines  from 
an  apertured  tungsten  source  were  recorded  on  x-ray 
film.  A  dispersion  of  19.6  mm/nm,  and  a  resolving 
power  of  'V  200  were  measured,  the  latter  being  source 
size  limited.  .  Such  thick  gold  transmission  gratings 
are  highly  versatile  elements  for  x-ray  spectroscopy 
and  diagnostics,  and  cover  a  broad  spectral  range. 

They  can  be  readily  coupled  with  other  instruments  and 
do  not  require  any  critical  alignments. 

ACKNOWLEDGEMENTS 


For  AX  "  3.37  x  10“3  nm,  the  resolving  power,  X/AX,  at 
0.698  nm  Is  207.  A  somewhat  lower  value  (192)  was  ob¬ 
tained  with  the  Mg  line.  In  the  work  reported  In  Ref. 
10,  a  value  of  X/AX  of  60  was  measured  for  the  tung¬ 
sten  M  lines. 

As  mentioned  earlier,  only  a  small  section  of  the 
annulus  of  reflected  x-rays  was  used  In  the  Imaging 
spectrometer.  This  degraded  the  resolution  of  the 
Instrument  such  that  the  point  spread  function  measured 
'V  1  X  10  pm,  the  shorter  axis  being  parallel  to  the 
tangent  to  the  annulus.  Because  of  this.  It  Is  pos¬ 
sible  to  obtain  the  high  spatial  resolution  In  one  di¬ 
rection  only  (10) .  To  obtain  the  highest  spectral  re¬ 
solution,  we  chose  the  direction  of  the  highest  spatial 
resolution  to  coincide  with  the  direction  In  %(hlch  the 
diffracted  beams  are  dispersed.  At  a  resolving  power 
of  X/AX  'V  200,  the  spatial  resolution  in  the  orthogonal 
direction  was  only  'v  10  pm. 

CONCLUSIONS 

We  have  fabricated  gold  transmission  diffraction 
gratings  with  spatial  periods  of  0.2  and  0.3  pm  and 
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A  free  atandlng  x-ray  tranamiaalcn  grating  has  been  coupled  with  a  soft  x-ray 
streak  camera  to  produce  a  tiae  resolved  x-ray  apectroaeter .  The  instruaent  has  a 
teigwral  resolution  of  —20  paec,  la  capable  of  covering  a  broad  spectral  range, 

2-120  A,  has  high  sensitivity,  and  is  siaple  to  use  requiring  no  complex  alignaent 
procedure.  In  recent  laser  fusion  experlaenta  the  spectrometer  successfully  recorded 
time  resolved  spectra  over  the  range  IO-I20A  with  a  spectral  resolving  power,  X/AX 
of  4-50,  limited  primarily  fay  source  size  and  collimation  effects. 


A  free  standing  x-ray  transmission  grating  Is  a 
linear,  periodic  grid  of  gold  wires  or  bars  with 
sub-micron  spatial  period.  The  grating  structure  is 
supported  by  a  coarse  grid  orthogonal  to  the  grating 
lines.  Because  of  its  simple  geometry,  the  TG  is  a 
uniquely  versatile  spectroscopic  dispersion  element. 
It  accepts  radiation  at  all  angles  of  incidence, 
thereby  requiring  no  detailed  angular  alignment  in 
its  operation.  It  can,  therefore,  be  easily  coupled 
to  instruments  of  high  temporal  resolution.  In 
addition  the  TG's  have  high  efficiency,  and  provide 
continuous  spectra  with  moderate  resolution  over  a 
broad  spectral  range. 

Fig.  1  shows  a  simple  x-ray  transmission  grating 
spectrometer  viewing  a  saall  laboratory  souroe.  In 
such  a  configuration  the  spectral  resolution  (limited 
by  source  size  and  degree  of  collimation)  is  given  by 


line),  when  detector  spatial  resolution  limits 
X^„,  then  its  value  is  given  by  Bq.  (3)  using  t)ie 
detector  spatial  resolution  as  the  value  for  T.  When 
source  size  and  oollimation  limit  Xg£„  then 
^min  “  ^  given  ty  Bq.  (1). 

A  time  integrated  x-ray  spectria  froa  a  laser 
illuminated,  Si02  disk  target  is  s)K3wn  in  Fig.  2. 

The  spectrometer  configuration  of  Fig.  1  was  used 
with  photographic  x-ray  film  as  the  detector.  In 
this  configuration  t)>e  spectrometer  characteristics 
were: 

d  •  3000  A  S  s  100  la 

D  •  63  cm  A  •  100  )la 

L  «  74  ca  film  resolution  »  10  ia 

yielding  a  spectral  resolution  (Bq.  (1)): 


AX  -  \  (S  +  A)  +  (A) 


(1) 


where  d  is  the  grating  period,  D  is  the  grating  to 
detector  distance,  L  is  the  grating  to  source 
distance,  S  is  the  source  size,  and  A  is  t>ie 
oollimation  aperture  opening.  When 
A 


D  » 


(S  +  A) 


(2) 


t)ie  second  term  in  Bq.  (1)  may  be  neglected. 

However,  in  many  applications  involving  limited 
detector  size  (such  as  the  slit  of  a  streak  camera) 

Bg.  (2)  cannot  easily  be  satisfied.  T)ie  spectral 
range  of  the  spectrometer  is  typically  limited  by 
detector  characteristics^.  Ttw  maximum  wavelength 
that  can  be  recorded  is 

X  -  I  T  (3) 

where  T  is  tlie  linear  size  of  the  detector^  (e.g. 
for  a  streak  camera  T  would  be  the  slit  length) .  The 
minimum  wavelength  that  can  be  distinctly  recorded 
will  be  limited  either  by  spatial  resolution  at  the 
detector,  or  by  source  size  and  oollimation  (leading 
to  overlap  of  the  D.C.  and  first  order  spectral 


AX  >1.3  A 

The  spectral  range  was  limited  in  this  case  at  low 
energy  by  the  carbon  absorption  of  the  polyaer 
overcoat  on  the  x-ray  film,  and  at  high  energy  by 
source  size  and  collimation  effects. 

A  free  standing  x-ray  transaission  grating  has 
been  coupled  to  a  soft  x-ray  streak  camera,  and  used 
to  record  t)w  first  tiaw-resolved  (  —  20  psec 
resolution),  continuous,  soft  x-ray  spectrum  froa  a 
laser  produced  plasma.  The  experiaental  arrangement 
used  is  t)»  same  as  that  shown  in  Fig.  1  with  t)ie 
slit  of  the  x-ray  streak  camera  serving  as  the 
detector.  Fig.  3  is  a  schematic  representation  of 
t)w  experiment  along  with  t)ie  data  record  from  a  gold 
disk  target.  In  this  time-resolved  configuration  t)w 
spectrometer  characteristics  were: 

d  •  3000  A  SB  100  |jm 

D  •  31  ca  A  •  100  )ai 

L  «  76.6  cm  Streak  camera  resol.  =  150  )aa 

The  spectral  resolution,  limited  primarily  by 
collimation,  was 


AX  b2  A 


InonMr 

ZwoSi 

ontar 

iRordvr 


FIG.  1.  A  simple  x-ray  transmission  grating 
spectrometer  design. 


The  long  wavelength  limits  to  ttie  spectral  range  were 
the  finite  slit  length  (1.3  ca) ,  and  absorption  due 
to  t>w  50  (jgzL'cm^  carbon  window  at  the  streak 
camera  slit.  In  each  case  t)w  long  wavelength  limit 
was  around  120  A.  The  short  wavelength  limit,  around 
2  A,  was  established  by  collimation  limitations,  and 
the  limited  spatial  resolution  of  the  streak  camera. 

The  time  resolved  TG  spectrometer  has  been  used 
in  a  number  of  different  geometrioal  configurations 
('Tarying  resolution  and  spectral  range)  to  address 
the  important  issues  of  radiation  production  and 
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Si  (Ha-likt  Li-likt)  1.8  ktV 
Na  (2p  It)  Lya  1.24  kaV 


SiO,/1 
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Fig.  2.  A  tiae  Integrated  x-ray  specttim  fro  a 
laser  produced  plaaaa,  recorded  by  a  transnisslon 
grating  spectroeter. 
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Fig.  3.  A  tlae-resolved  transmission  grating 
spectrometer. 

plasma  transport  in  laser  fusion  experiments.  Fig.  4 
shows  time  resolved  spectral  data  recorded  from  a 
laser  irradiated  Al-Tl  disk  target.  In  this  case  the 
directly  irradiated  aluminimum  disk  was  surrounded  by 
an  unirradiated  annualar  ring  of  titanium.  The 
difference  In  temporal  characteristics  (e.g.  turn-on 
time)  between  the  Al-K-llnes  and  Ti-L-band  provides 
iaportant  insight  into  radial  plasma  transport 
phenomena. 

OFCLUSION 

A  marriage  of  two  powerful  technologies  has 
provided  a  new  spectrcaoopic  capability.  An  x-ray 
transmission  grating  has  been  coupled  with  an  x-ray 
streak  camera  to  provide  tlaw  resolved  (<-20  psec), 
continuous  x-ray  spectra  over  a  broad  spectral 
range.  This  new  spectrcscoplc  tool  offers  insight  to 
the  key  issues  of  radiation  production  and  plasma 
transport  in  laser  fusion  experiments. 
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1.  The  other  possible  limit  to  spectral  range  is 
the  transparency  of  the  grating  material  at  high 
x-ray  energy.  In  this  case,  using  gold  gratings 
greater  than  0.5  )im  thick,  grating 
transparency  is  not  the  limit  to  spectral 
range.  Streak  camera  characteristics:  finite 
slit  length,  finite  spatial  resolution  at  the 
slit,  reduced  sensitivity  at  high  x-ray  energy, 
and  low  energy  x-ray  absorption  by  the  carbon 
window,  provide  the  limiting  factors  in  time 
resolved  applications. 

2.  Ne  have  in  practice  not  found  spectral  overlap 
with  higher  orders  to  be  a  limit  to 

our  laser  fusion  experiments,  nils  is  in  large 
part  due  to  the  reduction  in  diffraction 
efficiency  in  higher  order. 
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ABSTRACT 


Transport  of  energy  In  laser-produced  plasaas  is  scrutinized  by  devising 
spectrally  and  teontorally  Identifiable  dtaracterlstics  In  the  x-ray  ealsslon  history 
which  Identify  the  heat-front  position  at  various  tiaes  In  the  heating  process. 
Measureaents  of  the  relative  tum-on  tiaes  of  these  characteristics  show  the  rate  of 
energy  transport  between  various  points.  These  aeasureaents  can  In  turn  constrain 
models  of  energy  transport  phenoaena.  Me  are  tiae-resolving  spectrally  distinguishable 
subkilovolt  x-ray  emissions  froa  different  layers  of  a  disk  target  to  examine  the 
transport  rate  of  energy  into  the  target.  A  similar  technique  1s  used  to  measure  the 
lateral  expansion  rate  of  the  plasaa  spot.  A  soft  x-r^y  streak  camera  with  15-psec 
temporal  resolution  Is  used  to  make  the  temporal  aeasureaents.  Spectral  discrimination 
of  the  Incident  signal  Is  provided  by  multilayer  x-ray  Interference  mirrors.  These 
synthetic  x-ray  crystals  have  been  characterized  for  reflectivity  and  bandwidth  and 
exhibit  resolutions  £_  of  10  to  90. 

AE 


INTRUUUCTlOh 

The  rate  ot  energy  transport  in  laser  irraolated 
targets  can  oe  studiea  using  spectral ly-dlstlnguish- 
aole  x-ray  emitting  materials  tu  signal  tne  tlme- 
depenoent  heating  rate  at  different  pdsitlons  In  tne 
target.  Experiments  can  oe  designed  with  either 
axial  or  lateral  variations  In  target  materials,  e.g. 
layered  targets  or  annular  target  designs.  Time- 
resolveo  measurements  of  the  x-ray  emission  at  appro¬ 
priate  photon  energies  can  then  establish  tne  history 
of  energy  propagation  In  the  experiment,  ^uch  mea¬ 
surements  add  additional  experimental  Information  to 
the  active  research  areas  of  energy  transport  modeling 
and  hydrodynamic  simulation  in  the  inertial  confine¬ 
ment  fusion  community. 


THE  STREAKED  SPECTROMETER 

This  paper  describes  a  new  instrument  capable  of 
the  detailed  measurements  required  for  such  experi¬ 
ments  with  five  time-resolvea  narrow-band  energy 
channels  below  one  kilovolt.  The  energy  channels 
consist  of  Bragg  diffraction  bands  on  the  order  of 
'V'  1U  eV  wiue  obtained  from  sputtered  multilayer 
x-ray  Interference  mirrors.'  A  soft  x-ray  streak 
camera  Is  used  to  simultaneously  time  resolve 
tne  five  sioe-by-slde  energy  cnannels.  A  schematic 
representation  of  this  streaked  spectrometer  ano  the 
layered  target  experiment  are  shown  In  Fig.  1.  X-rays 
from  the  emitting  plasma  are  diffracted  from  five 
separate  multilayer  strips  onto  the  photocatnooe  slit 
of  a  soft  x-ray  streak  camera.  Tne  diffracted  beams 


Soft  x-ray  (tMk  ommn 


Figure  1  The  streaked  spectrometer  system  provides  narrow-band,  time-resolved,  measurement  of 
x-ray  emission  from  laser  plasmas.  A  Be-on-AI  layered  target  is  shown  here.  X-rays 
emitted  from  the  laser- Irradiated  target  are  diffracted  by  five  separate  sputtered 
multilayer  synthetic  crystals  onto  the  photocathode  slit  of  a  soft  x-ray  streak 
camera.  The  diffracted  beams  are  filtered  through  thin  absorption  foils  before 
reaching  the  photocathode. 
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Table  1.  Multilayer  Interference  Mirrors  and  Filter 
Cnaracteristics 
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Channel  enerqy 

102  eV 

2b7  eV 

65J  eV 

737  eV 

943  eV 

Bragg  Angle 

25° 

25° 

27.1° 

23. a° 

cb" 

d-spacing  (A) 

(“etf 

17B 

=  143  A) 

55 

21 

21 

Is 

Scattering  material/ 
spacer 

V/C 

Ti/C 

w/c 

w/C 

w/u 

Width  AE  (eV) 

lU 

7 

8 

8 

10 

Integrated  reflec¬ 
tivity  (mrao) 

3.6 

l.b9 

0.46 

0.4b 

U.l2 

Peak  reflectivity  (%) 

10.8 

10.6 

5.1 

5.1 

1.0 

Filter  material/ 

6e/l  pm 

C/2.65  pm 

A1/7UO0  A 

a1 77000  A 

Al 77000  A 

thickness 


are  passed  through  absorption  filters  before  reaching 
the  photocathode.  This  instrument  combines  the 
strengths  of  both  multilayer  interference  mirrors  ano 
soft  x-ray  streak  camera  technology.  The  multilayer 
synthetic  crystals  can  provide  hign  reflectivity 
{l-40‘*  in  the  subkeV  region),  narrow  channel  width, 
and  versatile  channel  energy  selection  (variable 
d-spacing).  When  coupled  with  the  temporal  resolu¬ 
tion  (15  psec),3<'*  large  dynamic  range®  (lO®), 
multichannel  detection  capability  and  shot-noise 
limited  sensitivity  of  the  soft  x-ray  streak  camera, 
a  powerful  diagnostic  combination  is  produced  for  a 
variety  of  x-ray  measurement  requirements.  Multi¬ 
channel,  narrowband,  temporally  resolved  data  from 
recent  energy  transport  experiments  of  the  design 
described  above  are  presenteo.  Full  analysis  of 
these  data  will  be  published  at  a  later  time. 

The  energy  channel  positions  of  the  five-cnannel 
streaked  spectrometer  system  are  very  flexible.  The 
initial  system  was  designed  to  provide  coverage  of 
the  subkilovolt  region  at  102-eV,  267-eV,  o53-eV, 
7J7-eV,  and  y43-eV  photon  energies.  Multilayer 
designs  used  in  this  system  are  based  upon  uragg 
angles  near  2b®.  Relatively  large  ttragg  angles 
decrease  surface  reflection  ano  allow  convenient 
alignment  ano  instrument  positioning.  The  multilayer 
materials  are  selected  to  give  optimum  reflectivity 


at  the  oesireo  photon  energies  and  tne  o-spacings  are 
specified  by  the  bragg  equation, 

mX  *  2d^  sin  6(1-  6/sin^e) 

Here  6  is  1-n,  the  index  of  refraction  decre¬ 
ment,  6  is  the  bragg  angle  of  diffraction,  m  is  the 
diffraction  oroer,  X  is  the  x-ray  wavelength,  Og 
is  tne  actpal  d-spacing  of  tne  material  and 
do(  l-S/sin'^e)  is  the  inoex-of-ref  raction- 
dependent  effective  d-spacing  of  the  multilayer  for 
the  x-ray  wavelength  of  interest. 

Diffraction  characteristics  of  the  sputtereo- 
raulti layer  synthetic  crystals  are  measured  using 
fluorescent  line  emission®  near  the  cnannel 
energies  at  whicn  the  multilayers  are  used.  Tne 
effective  d-spacings  are  obtained  from  the  angle  of 
the  first-oroer  bragg  peak.  Integrated  reflectivity 
(over  diffraction  angle)  and  the  rocking  curve  width 
provide  peak  reflectivity  (Pi)  and  oragg  peak  Fwhn 
(bE)  characteristics.  These  quantiiite^  are 
tabulated  in  Table  1 . 

burface  reflection,  particularly  at  low  x-ray 
energies,  can  impose  a  significant  oackgruuna  of 
broau  spectral  cnaracier  on  tne  total  signal  in  eacn 
detected  cnannel.  This  low-energy  backgrouno  is  re- 
ouceo  to  acceptable  levels  using  absorption  filtering 
ano  large  bragg  angles.  Figure  2  demonstrates  tne 
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Figure  2  Absorption  filters  are  used  to  eliminate  the.surface  (Fresnel)  reflection  contribu¬ 
tion  the  diffracted  signal.  The  267-eV,  55-A  spacing  Ti/C  channel  is  shown  here. 
Surface  reflection  is  approximately  calculated  with  a  semi-classical  model  using  a  1:1 
mix  of  titaniian  and  carbon.  The  Bragg  diffraction  peak  superimposed  on  this  surface 
reflection  is  shown  in  the  first  box.  The  transmission  function  of  a  2.65-i*i  thick 
carbon  foil  (second  box)  is  used  to  filter  the  signal  from  the  multilayer.  The 
combined  response  of  the  channel  In  the  third  box  shows  that  the  reflective  back¬ 
ground  is  reduced  to  a  negligible  level. 


Photon  energy  (eV) 


Figure  3  Spectral  response  of  five  narrow-uand  Bragg- 
diffracteo  energy  channels  below  one  Kilo¬ 
volt.  Measured  Bragg  peak  cnaracteristics 
of  the  multilayers  are  combined  with 
calculations  of  surface  reflectivity, 
filter  aosorption  ana  Csl  photocatnoue 
efficiency  to  obtain  tnese  estimates  of  the 
total  system  reponse. 


neeo  and  erf ectiveness  of  this  filtering  technique 
for  the  267-eV  channel.  The  reflectivity  of  Ti/C 
multilayer  at  25“  is  approximated  by  the  reflectivity 
of  a  uniform  1:1  mix  of  caroon  and  titanium  calculated 
using  a  semiclassical  dispersion  theory.^  This 
reflectivity  adoed  to  the  Bragg  diffraction  response 
of  the  multilayer  is  shown  in  the  left-most  box  of 
Fig.  When  the  total  multilayer  response  is 
multiplied  by  the  transmission  efficiency  of  a 
2.o5-pm  thick  caroon  absorption  filter,  the  trans¬ 
mitted  contribution  outside  the  Bragg  peak  at  2o/  eV 
is  negligible  as  shown  in  the  right  box  of  Fig.  2. 
absorption  filters  used  to  filter  the  five  channels 
are  listed  in  Table  1. 

Tne  five  energy  channels  shown  in  Fig.  3  are 
calculated  using  tne  measured  Bragg  diffraction 
characteristics  of  tne  multilayers,  calculated 
estimates  of  surface  reflectivity,  filter  transmis¬ 
sion  efficiencies  ana  the  streak  camera  photocathode 
response.  The  Csl  photocathooe  response  is  approxi¬ 
mated  here  by  an  Ev(E)  energy  deposition  model® 
scaled  by  the  bO-pg/cm^  carbon-foi 1-suustrate 
transmission  efficiency.  Aosolute  calibration  of  tne 
complete  system  response  remains  to  be  oone. 


EnERoY  TKMNbPUkT  measurements 

Time-resolved  measurements  of  x-ray  emission  from 
laser  irradiated  targets  have  been  made  at  the  Argus 
laser  facility.  The  streaked  spectrometer  is  posi¬ 
tioned  with  9a-cm  target-to-multi layer  path  ana  a 
47-cm  separation  between  the  multilayers  and  the 
photocathode.  Figure  4  is  a  streaked  image  of  x-ray 
emission  in  the  five  channels  from  a  31-J,  l.Ub-pm, 
735-psec  laser  irraoiation  of  a  Au  disk  at 
n.  a  X  lo''*  w/cm^  peak  intensity.  Tnis  raw  data. 


Figure  4  Kaw  data  streaks  in  five  channels  obtained 
from  the  x-ray  emission  of  an  Au  disk 
target.  The  target  was  heated  oy  a 
1.06-pm,  31.5-J,  735-psec  laser  pulse  at 
1-  3  X  10''*-w/cm’  peak  intensity. 


originally  recorded  on  Royal  X  Pan  film,  is  converted 
to  temporal  profiles  of  x-ray  intensity  using  a 
density-to-exposure  stepwedge  calibration  of  each 
piece  of  film.  These  temporal  profiles,  averaged 
over  the  spatial  extent  of  tne  channel,  are  displayed 
in  Fig.  5. 

Experiments  were  performed  to  examine  energy 
transport  both  into  the  disk  target  (raoial  transport) 
ano  in  tne  lateral  direction.  Uisk  targets  of  A1  with 
Be  coatings  at  a  variety  of  thicknesses  were  shot  at 
an  intensity  of  3  x  lu*^  w/cm^.  Clear  ana  repeatable 
temporal  modulation  of  the  emitteo  x-ray  flux  was 
observed  from  the  layered  targets.  The  character  of 
tne  mooulation  changes  with  Be  thickness  anu  is 
consistent  from  snot  to  shot.  Figure  b  is  an  example 
of  't  4bU-psec  large  scale  structure  on  the  emitted 
x-ray  temporal  profile.  The  target  was  an  A1  disk 
with  a  0.27-pra  Be  coating.  The  incident  1.06-pm, 

8y-d  gaussian  laser  pulse  nad  a  720-psec  FWHM.  Tne 
temporal  profiles  in  each  of  Figs.  6  and  7  are  abso¬ 
lutely  timed  with  respect  to  each  other  ahd  are 
normalized  to  unit  peak  intensity  for  convenient 
comparison  of  relative  temporal  shapes.  Tne  102-eV, 
737-eV,  and  943-eV  channels  are  shown.  The  267-eV 
ahd  b53-eV  channels  exhibit  similar  structure.  The 
emission  history  from  a  bare  A1  oisk  irradiated  with 
a  742-psec,  l,U6-pm,  90-J  laser  pulse  at 
3  X  10'^  W/cin^  is  displayed  in  Fig.  7  for 
comparison.  Again  the  102-eV,  737-eV  and  943-eV 
Channels  are  shown.  Tne  temporal  profiles  from  A1 
disks  are  much  flatter  on  top  than  the  Au  disk  data 
shown  in  Fig.  4  and  have  significantly  longer 
emission  times. 


CUNCLUSIUN 

In  summary,  important  narrow-energy-band,  tempo¬ 
rally-resolved  information  about  energy  transport  in 
laser  plasmas  has  been  obtained  using  multilayer 
x-ray  interference  mirrors  coupled  to  a  soft  x-ray 
streak  camera.  This  diagnostic  technique  should 
stimulate  much  adoitional  experimentaton  and  analysis 
with  emphasis  on  tne  spectrally-resolved  temporal 
emission  charcteristics  of  the  plasma  to  indicate 
energy  transport  properties. 


intensity  (arb.  units) 


MpM 


Argut/1.06  fjm 


31J/73S  psw 


No.  31061214 
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Figure  5  Temporal  x-ray  emission  profiles  of  the  data  displayed  In  Fig.  4.  Raw  film 
density  data  Is  converted  to  Intensity  using  individualized  stepwedge 
calibration  of  the  Royal  X  Pan  film.  This  technique  preserves  the  large 
dynamic  range  characteristics  of  the  data. 


Figure  b  Temporal  emission  history  of  a  Be 

coated  A1  disk  In  three  spectral  channels. 
Large  scale  temporal  modulation  Is  clearly 
evident  In  the  two  higher-energy  channels. 
The  three  channels  are  normalized  to  unit 
peak  Intensity.  The  target  was  heated  by  a 
l.Qb-pm,  89- J,  720-psec  gauss Ian  laser 
pulse  at  3  X  10'^  W/cm*. 


Time  (psec) 
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FiyLire  7  Temporal  emission  nisto^  of  a  oare  A1  oisk 
in  three  spectral  channels.  Lnannels  are 
iiormalizeo  to  unit  peak  intensity.  Tne 
taryet  was  irradiatea  Oy  a  l.Ub-pm,  9u-j, 
742-psec  gaussian  laser  pulse  at 
3  X  lu'**  W/cm^. 
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ABSTRACT 

This  paper  describes  an  e-q>erlmental  arrangement  utilized  at  SSRL 
for  obtaining  high-quality  Fraunhofer  diffraction  spectra  from  a  group  of 
specially-fabricated  gold  transmission  gratings  prepared  at  IBM.  The  data 
taken  will  ultimately  be  utilized  to  estimate  the  optical  constants  of  gold 
In  the  120  eV-640  eV  range,  but  In  the  present  paper  our  focus  Is  on  the  new 
advances  achieved  in  the  attained  spectral  quality  of  our  measurements  In  this 
range  and  on  the  Improvements  that  are  plausible  in  future  utilizations  of  the 
same  experimental  scheme. 

I.  INTRODUCTION 

In  ."ecent  years,  there  have  been  at  least  three  IBM.  The  motivation  for  the  experiment  was  the  corn- 

experiments  (exclusive  of  the  experiment  under  present  putation  of  the  optical  constants  of  gold  from  the 

discussion)  performed  at  SSRL  that  have  looked  at  the  ratios  of  the  flrst-to-zeroth  order  Intensities  of  the 

far-field  Intensity  spectra  of  ultraflne  gold  trans-  measured  spectra  (5).  In  this  paper  we  would  like  to 

mission  gratings  in  the  soft  x-ray  range  (100  eV  -  describe  the  experimental  scheme  and  to  show  some  of 

1300  eV)  (1,2, 3, 4).  The  most  recent  experiment,  dc—  the  spectra  obtained  with  our  apparatus.  Subsequently, 
scribed  in  this  paper,  was  designed  to  take  precise  we  will  discuss  some  of  the  shortcomings  of  our  set- 

measurements  of  the  spectra  of  several  specially-  up  and  to  Indicate  areas  where  Improvements  in  future 

prepared  gold  gratings  fabricated  by  E.  Splller  at  experiments  can  be  easily  implemented. 
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II.  THE  SOURCE  EXPERIMENT 


The  schematic  profile  of  an  Ideal  grating  with 
rectangular  translucent  bars  Is  shown  In  Fig.  1.  It 
has  been  shown  that  (5) ,  subject  to  minor  corrections 
arising  from  the  real- life  gratings'  Imperfections, 

If  two  gratings  are  chosen  with  parameters  a^  dp 

V^,  and  a2,  d2,  and  measurements  of  the  flrst-to- 
zeroth  Intensity  ratios  are  made 


1  '^1 

(1) 

(1),t(°) 

2  ''■2 

CM 

then  the  optical  constants  5  and  k  (where  n=  (1-d+lk) 
Is  the  complex  Index  of  refraction)  may  be  extracted 
from  the  two  equations 


principally  In  the  range  of  thicknesses  from  800  X  to 
about  3500  X.  Given  these  two  conditions.  It  Is  clear 
why  gratings  with  relatively  large  periods  were 
required.  Assuming,  for  a  rough  estimate,  that  a  2d, 
and  that  the  thickest  grating  was  about  2500  X  thick, 
the  condition  W«(a-d) ,  orV«d,  Implied  that  d  >  10  H 
for  our  thickest  grating,  or  that  a  *  50,000  A  for  our 
thickest  grating.  Since  this  would  lead  to  an  Intrac¬ 
tably  small  dispersion,  gratings  with  a  -  25,000  A 
were  chosen,  but  with  bars  wider  than  >sa,  In  order  to 
maintain  the  condition  W«ira-d)  reasonably  well. 

Even  with  a  -  25,000  A  (l.e.,  400  l/mm) ,  the  dis¬ 
persion  was  so  small  that  a  dispersion  length  of  13' 
was  found  necessary  to  separate  the  oth  and  1st  orders 
at  about  800  eV  (see  Fig.  2). 


(1+A,)co8  2tiW  6  -  cosh  2irW,k  +  A,  cosh  (Ix'V  k+r.)  ■  0 
1  1  11  ^  ^ 


(l+B,)cos  2Tr  ,6  -  cosh  2lrtl.k  +  B,  cosh  (2TrW.k+r,)  “  0 

^  ^  Ci) 

where 


tj  “  In 

(dj/(aj-dj)) 

(5) 

r^  -  in 

(82/(02-82)) 

(6) 

and 

. 

< 

-1 

•  ^sln^TT^l  •  cosh^ljrjl 

(7) 

Bj  -  B  •  ^  •  rsln\^2  •  cosh^ijrjl  (8) 


I 


I  I  I  I  I 


UGHT 


It  has  also  been  shown  that  wherever  the  grating 
bar  edges  are  not  Ideally  rectangular,  then,  for 
equ. 's  (3)  and  (4)  to  hold,  the  condition  W«(a-d) 
must  hold  reasonably  well  (5).  In  addition.  It  Is 
known  that  observable  Interference  effects  arise  In 
ultraflne  gold  gratings  In  the  soft  x-ray  range 


Fig.  1.  End  view  of  Ideal  rectangular  grating. 
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III.  practical  C0NSIDEBATI9NS 

The  principal  factor  determining  the  specific 
format  and  the  overall  dimensions  of  the  experiment 
was  the  new  Grasshopper  monochromator,  the  source  for 
our  experiment  (6).  It  has  been  established  in 
previous  work  that  the  output  of  this  instrument  is 
very  dirty,  containing  large  harmonic  components  in 
the  40  eV-200  eV  range,  and  scattered  light  components 
in  the  300  4-  eV  range  (2,3,4).  As  a  result  it  was 
decided  to  place  a  filter  grating  at  the  monochromator's 
output  in  order  to  Isolate  the  principal  component 
spatially  (in  first  order) .  so  as  to  maxisilze  the 
monochromaticity  of  the  light  hitting  the  test  gratings. 
In  addition,  a  double-slit  system  was  used  to  spatially 
resolve  the  light  hitting  the  gratings  of  a  .3  mm  slit 
before  the  filter  grating  and  a  .63  am  slit  before  the 
test  gratings)  so  as  to  minimize  the  distorting  effects 
of  the  refocussing  mirror  optics  on  the  light  hitting 
the  test  gratings.  The  entire  schematic  of  the 
experiment  is  given  in  Fig.  2.  A  picture  of  the  sample 
grating  holder  with  the  gratings  in  place  is  given  in 
Fig.  3. 

As  is  seen  in  Fig.  2,  the  1st  order  of  the  filter 
grating  was  actually  unused.  This  is  due  to  the  fact 
that  the  monochromator  output  was  an  order  of  magnitude 
below  its  expected  intensity  and  the  1st  order  power 
off  the  filter  grating  was  too  small  to  take  reasonable 
measurements  with. 


the  principal  (precision)  normalization  channel  was 
damsged  during  the  course  of  the  experiment,  and  we 
have  normalization  data  only  from  a  secondary  normali¬ 
zation  channel,  which  will  affect  the  cited  accuracy  of 
our  results. 

V.  THE  SPECTRA 

Figures  4,5,6  and  7  show  several  selected  spectra 
taken  off  one  of  the  test  gratings.  When  compared  to 
spectra  taken  in  previous  experiments,  (1,2, 3, 4)  their 
superiority  is  striking.  The  slight  ass3rmetrles  in 
the  observed  orders  stem  principally  from  misalignment 
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Fig.  4.  Spectrum  at  120  eV  (Dlsp.  length  ~13'). 
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FiC.  9.  Ss^le  grating  holder  eheel. 


IV.  DETECTION  SCHEME 

Since  the  experimental  budget  did  not  permit  the 
purchase  and  use  of  a  position-sensitive  detector,  an 
existing  double-channel-plate  detector  was  modified 
and  used  in  an  up/down  mode.  In  order  to  optimize  the 
counting  statistics  on  the  peaks  of  the  intensity 
spectra,  the  detector  was  arranged  to  sense  the 
presence  of  peaks  and  to  sit  at  a  point  until  a  pre¬ 
determined  number  of  counts  (nominally  10,000)  was 
reached,  and  only  then  to  move  to  the  next  point.  Be¬ 
tween  peaks,  the  preset  count  limit  was  automaticslly 
changed  to  a  low  nuiflier  (nominally  300) ,  so  thst  de¬ 
tection  times  would  not  be  prohibitively  long. 
Measuring  the  intensity  in  this  manner,  it  was  clear 
that  a  normalization  channel  was  necessary  (to  account 
for  beam  decay,  fluctuations,  etc.)  Unfortunately, 


Fig.  5.  Spectrum  at  180  eV  (Dlsp.  length 

™s'  •»  _ Wi«SBiH*R.ei  a«"i  QjmMz.a  xs*s 

•Mvxsi  imsL  me,  a.iTs-  amTiNCis.imn 
wnti  KUR  (  M  cv  /  ooey  aop . 

*  *  I  I  I  I  •  I  I  ^  I  I  I 


I  I 


240  EV 


90.09 


Fig.  6.  Spectrum  at  240  eV  (D^.sp.  length  '13') 
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Fig.  7.  Spectrum  at  400  eV  (Dlsp.  length  ~13’) 


of  the  sample  wheel  with  respect  to  the  horizontal 
plane.  This  causes  a  "tilt"  in  the  diffracted 
spectrum,  and  if  the  detector  travel  axis  is  not 
centered  precisely  on  the  0th  order,  it  can  pick  up 
one  order  more  strongly  than  its  symetrlc  opposite. 

In  addition,  the  light  direction  changes  out  of  the 
monochromator  versus  frequency.  Imperfections  in  the 
single  spectra  (i.e.,  departures  from  the  ideal 
"Gaussian"  shape)  are  evidently  caused  by  Inhomogenei- 
tles  in  the  light  off  the  refocussing  mirror  (Fig. 2) 
as  well  as  by  imperfections  (support  bars,  dust,  etc.) 
on  the  gratings  themselves.  However,  all  these 
discrepancies  may  be  accounted  for  and  they  do  not 
seriously  detract  from  the  overall  high  quality  of 
the  measured  spectra. 

VI.  CONCLUSIONS 

We  have  described  an  experiment  done  at  SSRL  in 
February,  1981  designed  to  measure  the  optical  con¬ 
stants  of  gold.  Even  though  several  initial  assump¬ 
tions  were  not  realized  throughout  the  experiment, 
and  even  though  a  sparse  budget  precluded  the  use  of 


a  position-sensitive  detector,  the  results  clearly 
indicate  that  the  experimental  technique  is  valid  and 
should  be  developed  further  in  subsequent  experiments. 

Some  Isamllate  suggestions  for  Improvement  would 
clearly  eliminate  most  of  the  systematic  errors  that 
showed  up  in  our  experiment: 

1)  Better  gratings,  with  uniform  properties  over 
their  entire  surfaces  (this  would  preclude  the 
required  misalignment  of  the  gratings  with  respect 
to  the  horizontal  plane) . 

2)  A  position  sensitive  detector  (this  would  entirely 
obviate  the  need  to  monitor  intensity  for  normali¬ 
zation  ) . 

3)  A  much  better  soft  x-ray  monochromator  (high  out¬ 
put,  no  harmonics  and  no  scattered  light  would 
obviate  the  need  for  a  "filter"  grating  and  would 
cut  the  experiment  length  in  half  ) . 

Since  we  expect  that  future  developments  in  the 
fields  of  x-ray  instrumentation  and  grating  fabrica¬ 
tion  will  help  to  realize  the  above  three  requirement 
we  conclude  that  the  experimental  technique  tested  in 
our  described  experiment  holds  great  promise  for 
accurate  and  efficient  measurements  of  optical  con¬ 
stants  in  the  soft  x-ray  range. 
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Canonically  Blazed  Transmission  Gratings: 

Analysis  and  Modelling  Results 
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Stanford  Electronics  Laboratories,  Stanford  University, 

Stanford,  California  94305,  USA 

abstract 

In  this  paper  we  present  a  blazing  scheme  thay  may  be  generated 
on  any  rectangular  grating  and  that  is  sufficiently  general  to  cover  all 
conceivable  cases  of  linear  blazing  Imposed  on  rectangular  transmission 
gratings.  Characterizing  the  blazed  grating  completly  by  a  group  of 
parameters,  we  develop  Che  analytical  formula  for  the  Intensity  spectrum 
of  a  blazed  grating  set  perpendicularly  to  the  irradiating  light  In  terms 
of  these  parameters.  The  analysis  given  Is  valid  for  the  regions  of 
material  properties  and  light  energies  where  refraction  may  be  Ignored. 
Practical  Implications  of  the  modelled  equations  are  discussed  and  are 
shown  to  have  great  potential  in  the  development  of  new  Instrumentation 
In  the  soft  x-ray  range. 

1.  INTRODUCTION 


In  recent  years,  the  manufacture  (1)  and  analysis 
(2,3)  of  transmission  diffraction  gratings  has  shown 
considerable  progress.  Experiments  performed  on  such 
gratings  have  shown  excellent  agreement  between  the 
observed  and  predicted  results  In  the  soft  x-ray 
range  (2,4,5).  The  fundamental  far-fleld  Fraunhofer 
diffraction  model  has  proved  Co  be  an  excellent  pre¬ 
dictor  of  observed  results  In  this  range,  and  an  ex¬ 
tension  of  It  to  cover  the  case  of  blazed  grating  bars 
Is  fully  warranted. 

The  principal  motivation  behind  the  Investigation 
of  non-rectangular  bar  shapes  Is  to  Identify  the  bar 
shapes  and  grating  operation  conditions  that  maximize 
first-order  diffracted  power,  since  transmission  grat¬ 
ings  of  the  type  we  are  considering  are  excellent 
condidates  for  use  as  monochromator  dispersion 
elements  in  Che  soft  x-ray  range.  It  Is  already  known 
that  even  for  rectangular  bars  (see  Fig.  1),  symmetric 
enhancement  of  both  first  orders  is  possible  by  over 
a  factor  of  two  at  certain  energies  and  at  certain 
preferred  thicknesses  of  the  grating  bars  (W  In  Fig.  1) 
(2,3,4). 

In  Che  following  sections  we  will  show  that  by 
blazing  the  bars  In  a  canonical  fashion  we  can 
demonstrate  first  order  enhancement  of  alisost  a  factor 
of  three  for  a  typical  gold  grating  and  the  possibility 
of  very  high  efficiency  (almost  lOOZ)  Into  first  order 
for  materials  that  have  negligible  attenuation  and  that 
are  reasonably  phase-active  in  the  soft  x-ray  range. 

II.  THE  IDEAL  RECTANGULAR  GRATING 

The  far-fleld  Intensity  spectrum  of  an  Ideal 
rectangular  grating  whose  bars  are  characterized  by 
the  complex  Index  of  refraction  n  “  n+ik  “  (l-6)+ik 
Is  given  by  (Fig.  1) : 

!(■)  ■  (*g^ga)  I  S  +  exp(irlsa)  A  |  (I) 


6)  X  =  light  wavelength 

7)  M  =  Fourier  transform  of  the  field  distribution 

across  a  bar  top  surface 

8)  A  =  Fourier  transform  of  the  field  distribution 
across  an  open  aperture 

9)  N  B  number  of  Illuminated  bars 

For  the  case  where  Interface  effects  may  be 
Ignored , and  for  a  wave  of  unit  amplitude,  Che  follow¬ 
ing  transforms  are  directly  derived: 

fj  •  (a-d)  (  slnc(a-d)s)  exp  [-2Til(5-lk)w]  (2) 

A  »  d  nine  ds  (3) 

Substitution  of  (2)  and  (3)  Into  (1)  yields  the 
following  expression  for  the  far-fleld  intensity  of 
the  grating  shown  In  Fig.  1. 


I  I  I  I  I 


LWMT 

Fig.  1.  End  view  of  Ideal  rectangular  grating. 


The  following  definitions  apply  to  Fig.  1  and 
eq.  (1): 

1)  s  =  sine  of  the  observation  angle  with  respect 
to  the  grating  normal. 

2)  m  =  observed  order.  At  the* various  orders,  s>m/a 

3)  a  =  grating  period  in  wavelength  units 

4)  d  =  grating  aperture  size  in  wavelength  units 

5)  N  =  grating  bar  thickness  in  wavelength  units 


[^)  It””-”*’  •OS  aiv4(a-d)siiie(a-d)s  4 
(sosllaa)dslBSda]  -  i^eqp(>SXVk)slii2lwi(a>4)slaB(a-d)^| 
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•xp(^n  )(a-d  f,lae^  (t-d  > 


+ 


(  2oosirHt)«x^(-2inn[  )d  (a-d  )*ljieds  (alne  (a^d  )a  )eoa2fTi  4 

I  (5) 


d^aino^ds 


-2irW  k 
o 

2  e  co8ir8a(d  sincCds)) 

TT  [  -  2a6B  +  a^(5^+k^)j 

X  ^cos  2irW^6  [(s-aS)  sin  T(a-d) (s-a6)cos)i  iT(a-<l)kaC 
••  kacosir  (  a-d )  (  8-a6  )  s  Inhir  (  a-d )  ka] 


Equation  (5)  gives  the  far-fleld  intensity  at  the 
various  orders  for  a  wave  of  unit  amplitude  and  inter¬ 
face  reflection  effects  Ignored. 

III.  THE  BLAZED  GRATING 

Computing  M  for  the  blazed  grating  under  the  same 
assumptions  as  for  the  rectangular  grating  and  assum¬ 
ing  refraction  to  be  negligible,  yields  (Fig.  2): 


OC  =  S  BLAZE  SLOPE 


Fig.  2.  Schematic  description  of  a  canonical 
blazing  scheme  Imposed  on  a  rectangular  grating 

of  thickness  W  . 

o 

•xpt-ZBW^C/.ik)]  X 

exp(-1Ii(s  -«{/-ik))(a-d))  -  exp(l(i(t  -«l(^-lk) )(a-d)) 
2lll(s  -«(/-lk))  (6) 

It  is  clear  from  Fig.  2  that  the  blazing  scheme 
shown  is  completely  general,  l.e.,  any  degree  of  blaz¬ 
ing  may  be  imposed  on  any  rectangular  grating  config¬ 
uration.  This  reaffirms  our  original  claim  that  our 
proposed  blazing  scheme  is  canonical. 

Inserting  (3)  and  (6)  into  (1)  gives  the  follow¬ 
ing  expression  for  the  far-fleld  spectrum  of  the  blazed 
grating  (where  we  indicate  the  intensity  of  the  Irra- 
dldtlng  light  to  be  I^) ; 


—  sinlirW^S  [  kasimi(a-d)  (8-a6)co8l*ir(a-d)ka 

—  (s-a6)co8Tr(a-d) (8-a6)8lnhir(a-d)kaJ  J 


+d^8inc^  dsld) 


IV.  MODELLING 


We  have  run  eq.  (7)  on  the  computer  using  gold  as 
the  grating  material  (l.e.,  the  optical  constants  of 
gold)  (6) .  In  order  to  compare  the  performance  of  the 
blazed  to  the  unblazed  grating  we  have  plotted  the 
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blazed  unblazed  * 


blazed  unblazed 
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for  an  ideal  rectangular  grating 


of  thickness  W  for  various  degrees  of  blazing  and  for 
a  few  period/aperture  ratios  (®/d"2,  ®/d*4) ,  for  three 
energies  spanning  the  soft  x>ray  range  (Fig.  3).  It 
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Fig.  3.  Blazing  effects  on  the  -Ist,  0th,  and 
Ist  orders  of  an  unblazed  gold  grating.  The 
curves  extending  out  to  a*. 4  are  for  gratings 
with  (a/d)*4  and  those  extending  out  to 
are  for  gratings  with  (a/d)-2.  W  -1500  X; 
a  =  blaze  slope.  ^ 
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is  clear  that  blazing  is  very  efficacious  in  enhancing 
the  first-order  efficiency  of  a  typical  unblazed 
grating.  From  the  results  in  Fig.  3  we  can  conclude 
that  suitable  blazing  is  an  Important  design  parameter 
and,  once  the  current  technology  becomes  capable  of 
designing  transmission  gratings  with  blazed  bars,  it 
is  anticipated  that  blazing  will  be  used  as  a  standard 

enhancement  technique  for.  maximization. 

Equation  (7)  contains  an  important  implication 
when  we  follow  up  the  enhancement  of  the  blazing  effect 
by  letting  d  approach  0.  This  situation  is  depicted 
in  Fig.  4.  With  d“o,  ■eq.  (7)  becomes 


2 

Ks)  /sliwgNaX  -4irw  k  cosh  2Traka  —  cos  2^3(8-06) 
Iq  (  siimsa/  •  ®  2ir^  [  8^-2a6s  +  c»‘(6^+k^)] 

(■) 

If  we  had  a  material  that  fulfilled  the  conditions 

k  *  0  (9) 

«  »  k  (10) 

then  coshZlTakot  >1  ,  and  eq.  (8)  would  become 

I(s)  ^  /ainTrsNa\  ^ 

"*  Isimrsa  J 


-4TrW  k 
o 
e 


1 


2  2 
(cos  7ra(s-aS)  -sin  7Ta(a-a6)) 

2tt^  8-<i£  ^ 


(11) 


or 

k 

I(s)  3,  /slmrsNa^  ^  e  °a^  slnc^a(8-a5)  (12) 

^slmrsa  / 

2 

How,  It  is  clear  that  sine  a(s-a5>  Is  just  the 

2  2 

function  sine  as  shifted  by  the  amount  aS.  But,  sine 

as  Is  zero  for  all  m  i*  o,  where  a  ■  m/a.  Therefore,  if 
we  let 

a6  .  i  (13) 


V.  CONCLUSIONS 

We  have  derived  the  canonical  blazing  formula 
(eq.  7)  and  have  demonstrated  that  blazing  can  be  ex¬ 
tremely  efficacious  In  enhancing  first-order  efficiency 
in  the  soft  x-ray  range.  The  condition  of  almost  Ideal 
efficiency  into  first  order  Is  clearly  equivalent  In 
the  limit  to  the  well-known  case  of  a  linearly  graded 
phase  grating  (k  -  o)  or  a  linearly-phased  antenna 
array.  Fortunately,  for  most  materials  In  the  soft 
x-ray  range  k  <  5,  but  the  conditions  k  *  o,  k«6  are 
not  very  well  realized.  For  most  materials  k  Is  small¬ 
er  enough  than  5  so  that  quite  efficient  gratings  may 
be  obtained  by  blazing,  -  if  greater  efficiency  Is  de¬ 
sired,  one  must  Cry  to  either  locate  or  synthesize 
materials  where  Che  conditions  k^  k«5  do  obtain. 

At  any  rate,  we  have  clearly  demonstrated  that  blazing 
is  warranted,  all  things  considered. 

In  addition  to  the  above  remarks,  we  would  like  to 
suggest  that  a  simple  technique  may  be  used  to  obtain 
a  blazed  configuration  such  as  shown  in  Fig.  4  in  order 
Co  test  the  analytical  results  in  this  paper.  Since 
blazed  (ruled)  reflection  gratings  are  available,  one 
could  utilize  a  copy  of  the  master  grating,  made  out  of 
some  suitable  etchable  material,  as  a  matrix  on  which 
to  deposit  a  gold  (or  other)  film.  Once  Che  copy 
matrix  material  is  etched  away,  Che  configuration  of 
Fig.  4  (or  one  similar  to  It)  should  then  remain. 

In  conclusion,  based  on  our  results,  we  feel  that 
significant  future  work  should  be  allotted  to  the 
development  of  controllable  blazing  schemes  for  ultra- 
fine  gratings  and  also  to  the  investigation  of  struc¬ 
tures  and  materials  that  fulfill,  or  come  close  to  ful¬ 
filling,  the  conditions  (9)  and  (10)  over  the  soft 
x-ray  range. 


we  see  that  (12)  %ri.ll  be  zero  for  all  orders  other  than 
the  first,  a  condition  of  1002  efficiency  into  first 
order.  The  configuration  Is  shown  In  Fig.  4. 


*100%  efficiency"  orating 

CONFIGURATION 
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order. 
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ABSTRACT 

Synchrotron  radiation  facilities  (such  as  SSRL)  could  be  used  to -manufacture  superfine, 
i.e.  high  line  density  gratings  with  —5.10^  lines  per  ai. 


SUGGESTED  METBOO 

To  produce  superfine  gratings,  an  interference 
pattern  is  set  up  between  two  branches  of  a 
sufficiently  monochromatic  and  coherent  x-ray  bean  of 
wavelength  X  >  lOOA. 

The  interference  line  pattern  is  recorded  on  a 
polymer  (e.g.  PIMA).  Recording  with  an 
accuracy  of  about  200&  is  possible  at  these  values  of 
X. 

Figure  1  shows  a  schematic  view  of  the  proposed 
setup. 


PURPOSE  OF  GRATINGS 

High  line  density  gratings  can  be  used  as  (1) 

(A)  Diffractive  or  focusing  elements  in 
x-ray  imaging 

(B)  Miniaturized  circuit  element 

(C)  A  research  tool  in  solid  state  physics 
to: 

Generate  2-dimensional  "crystal* 
structure 

study:  Bloch  oscillations 

The  fiiM  structure  of  I,andau 
levels 

Marrow  strips  of  monolayers 


CXSERBICE  RBQUIRaaaiTS  (6BIBRAL) 

A)  KBOCHKNATICm 

Let  a  parallel  beam  contain  wavelengths  within 
the  interval  Xq  t  %  AX  where  AX«Xg. 

Figure  2a  shows  that  if  at  point  P^  ell  waves 
in  the  beam  are  in  phase,  than  at  Pg  the  phase 


differei:ce  between  any  two  waves  will  be  ^  f^* 

(where  f^  is  soim  chosen  number),  provided  that 

M  <  ^  (1) 

o 


B)  (XILLIMBARin 

Let  a  beam  contain  waves  of  wavelength  Xg. 

(Bach  wave  may  travel  in  a  different  direction.)  The 
direction  in  which  the  wave  travels  makes  an  angle  6 
with  the  Z  axis.  All  6  lie  within  the  interval 
(-%A6,  ♦  we). 

Figure  2b  shows  t)Mt  at  a  point  Pj^  all  waves 
are  in  phase,  than  at  Pg  the  phase  difference 
between  any  two  will  be  <  f2Z  (f2  Xs  some  chosen 
number) ,  provided  that 

Ae  <  fj'(X^/Al)'  radians,  (2) 


C)  SOURCE  SIZE 

Chooae  the  Z  axis  to  be  horizontal.  Let  the 
surface  of  the  'source*  (which  emits  photons)  be 
rectangular,  with  horizontal  diameter  (along  the  X 
axis)  D„,,  and  vertical  diameter  (along  X)  0^. 

The  "target*  surface  (which  :is  illuminated  1^ 
photons)  is  also  rectangular,  with  diameters  D^  and 
Dy, 

Figure  2c  shows  that  if  two  waves  of  wavelength 
Xg  are  in  phase  at  some  point  P  on  the  source 
surface,  then  at  the  tiw  of  tlieir  respective  impact 
on  the  target  surface  the  phase  of  tim  tw6  waves  will 
differ  by  <f3ll  (f^  is  some  clwsen  number) ,  if  the 
source-target  distance  L,  satisfies 


recording 


unit 


Fig.  1  The  beam  produced  ty  the  souroe  is  lad 
through  a  double  slit.  One  of  the  two  btanehea  is 
reflected  off  a  mirror  by  an  angle  2^.  The  two 
branches  produce  an  interference  pattern  on  the 
recording  surface. 


»  i  -  x,y 


.2  ,  (i|D,^  ♦  W^)^  i£lD,^l<lDil 
“si  ‘’i  »  l®sil  "  l®il 


Bare  F"!.  If  the  surfaces  are  not  rectangular,  then 
the  correction  factor  F  |<1,  but  of  order  unity. 

(XSBRmCB  RBQUnUMEMTS  (FUR  TEE  GBOMETIBf  OF  FIG.  1) 

For  the  geometry  shown  in  Fig.  3,  the  D^x' 

Dxy  ace  the  horizontal  and  vertical  diameters  of 
the  source,  i.e.  that  (section  of  an)  electron  beam 
which  emits  photons.  The  D,  and  Dy  are  the 
horizontal  and  vertical  diameters  of  the  illuminated 
"target  surface",  L  is  the  largest  optical  distance 


0094-243X/81/7S0304-OS$1.50  Copyright  1981  A.'ierlesn  Institute  of  Physics 


30S 


Fig.  2a  Two  plane  wavea  with  wavelength  Xq  - 
and  Xg  *  %dX  (where  tX  «  Xq)  travel  At  along  the 
z  axis  frca  point  Pj^  to  point  P3.  At  Pj^  the 
two  waves  are  in  phase.  Then,  clearly,  at  Pg  they_^ 
will  be  out  of  phase  by  A^  -  2zAt  T 


=  2xAt 


AX 

X  2 
o 


[v^  X^tiiAx] 


—  X  — 


A1 


Fig.  2b  One  plane  wave  with  wavelength  Xg  travels 
along  the  s  axis  fro*  point  Pj^  toward'Pg.  Its 
crests  and  valleys  at  a  certain  ■osient  are  denoted  by 
parallel  dash-dot  lines  (the  distance  between  every 
second  such  line  is  Xg)-  A  second  plane  wave  with 
wavelength  Xo  travels  along  k.  The  angle  between  k 
and  the  z  axis  is  A6.  Crests  and  valleys  of  this 
wave  at  the  sane  aaaent  are  located  along  the  dashed 
lines.  This  wave  produces  a  field  pattern  along  z 
which  is  periodic  by  Xg/oosA9  =  X'. 


between  the  source  and  the  recording  surface.  Then 


Fig.  2c  The  distance  between  the  center  of  the 
source  (whose  diaaeter  is  D,)  and  the  center  of  the 
plane  ’target*  surface  to  be  illuainated  (whose 
diaaeter  is  D)  by  the  source,  is  L.  L(Pg,P)  is  the 
distance  (shown  by  the  dash-dot  line)  between  any 
point  P,  of  the  source,  and  scale  point  P  on  the 
illuainated  surface.  The  path  difference  between  two 
photons  which  travel  froa  a  chosen  point  Pg  to  any 
two  points  Px  and  P2  is  |L(P,,  P^)- 
L(Pg,P2) I  =  AL.  The  aaxlaua  (over  all  P^,  P2 
pairs)  of  AL  is  Mhen  o“8“  j  ,  also  L  »  D^, 

and  L  »  D,  then 


A  L 


1_ 

2L 


+  %D)* 
D 


I  IF  |p^|  >  |d| 

I  »  |p,l  <  |d1 


(^  is  the  viewing  angle  through  which  the  diaaeter  of 
the  target  surface  is  seen  frca  Pg*  The  ^  will  be 
used  later.) 


This  dioioe  is  cxmsistent  with  condition  (3),  and 
together  with  (3)  iaplies  (2a),  provided  that 


VTfj  f" 
16  f. 


<°si  ^  Pj*' 


“h^o 


i  «  X,y 


(5) 


a2  t  A^  2 

X  y 


EXPOSURE  TIME:  T 


nyS  Nuaber  of  photons  required  to  iapinge 

per  unit  surface  of  recording  material 
to  imprint  a  clearly  recognizable 
interference  pattern. 

Number  of  photons  emerging  from  the 
storage  ring  at  a  particular  synchrotron 
radiation  port,  during  tine  T^^^  with 
wavelength  in  t)ie  interval  (Xg  t 
I|A(°)X),  emitted  into  a  four 
diaensional  phase  space  volume  A^°) 

A^°)  (see  Appendix) . 


rewritten  as 


^''x  *  '1^0  -<$5. 

o  n 


A9  =  [(Ae^)^  ♦  (A8y)^'’  ^  2''fj''  (Xg/l>h)''  .  (2«) 


Row  to  chose  L?  Ideally,  each  p,  on  the  source 
surface  should  illuminate  the  entire  target  (i.e.  A8 

>  (0„  ♦  Dx)/L,  A8y  >  (Dgy  +  Dy)/L),  bU  t 

not  acre,  because  that  would  be  wasteful  (photons 
missing  target) .  To  ainiaize  waste,  choose 


-  (D,j,  ♦  n^)/L  ,  A8y  -  (D^  +  Dy)/L 


It  is  shewn  in  the  Jvppendix  tliat  when  Dg^, 

Dsy,  Dg  and  Dy  are  all  fixed,  and  L  is  chosen 
optimally,  then  the  phase  space  volume  'tiled  by 
’useful*  photons  (i.e.  those  which  can  be  used  to 
produce  an  interference  pattern)  is  that  given  fay  Bq. 
(A-4).  For  such  optimally  chosen  L  the  eiqpcsure  tine 
needed  bo  produce  the  desired  interference  pattern  is 


)1  °h  4Vg^ 

■J  ^  'l^* 


(6) 


where  B  is  a  function  of  Dgg,  Dgy,  Dg,  Dy  and 
Is  givsn  at  the  end  of  the  Appendix. 

M  is  a  factor  (<1)  included  fao  take  into 
account  absoebtien  on  mirrors  and  in  the 
acnochromator . 


(4) 


source 

(electron 


illuminated 


rig.  3  A  alit  wlda  and  Dgy  high  la  placad 
batiwan  the  aouroe  (hara  tha  alactrcn  baa«)  and  the 
araa  to  ba  lllualnatad.  AB  la  tha  Baxlanaa  angular 
divergence  paralttad  fay  Bq.  (2).  For  large  enough  L, 
tha  accepted  angular  divergence  la  autcaatlcally 
<A6.  (The  horlaontal  and  vertical  dlffractlcn  anglea 
due  to  the  alit  are  i^roxiaately 
Xg/D^.  For  the  paraaetara  Hated  In  Table  I, 
these  can  be  neglected.) 


PROFOSED  EXPEKIMBNTAL  SEIQP 


Chooae  X^  -  lOoH 

The  circulating  electron  beaa  (i.e.  ‘source*) 
paraaietera  are  listed  In  Table  1. 

decrease  the  effective  source  8lze<  a  alit 
Dgx  and  Dgy  high  is  placed  beteeen  the 
electron  beaai  and  the  area  to  be  lllunlnated,  at  a 
distance  Lg  team  the  bean.  Mhen  the  pataaatets  are 
chosen  as  in  Table  I,  diffraction  effects  due  to  the 
silt  can  be  neglected:  The  source*  as  seen  frcai  the 
target  la  rectangular  (so  that  F  «  1  in  Bq.  (3)), 
with  dlaneter  Dg],  and  0,^. 


Its  surface  is  perpendicular  to  the  2  axis, 
dlaaeters  are  Dg,,  and  Dgy.  me  denote  by  bg  and 
by  the  ratios  Dg/Dgg  and  Dy/bgy 
respectively,  and  expect  bg,  by  to  raiige  between 
about  0.1  and  20. 


PHOTOM  BBAM 

Choose  F^,  fj  and  fj  as  listed  in  Table  I. 

When  the  photon  distribution  In  wavelength,  angle  and 
position  are  all  uncorrelated,  then  the  total  phase 
difference  (due  bo  all  distributions)  between  any  two 


To  hie  I. 


eo  (mrsi) 


Photon  hOMi  rtquirononts 


-J  -I  -3  I 

T?o)<" 

«yt 


\3-10  'cal 


Table  I  The  left  half  of  the  table  lists  the  assuned 
source  paraaeters.  The  Og,  Oy,  OBg,  OOy  are 
the  bean  radii  and  angular  spreads. 


The  right  half  contains  the  target  paraneters  and 
conditions  on  the  beaa  as  a  function  of  bg  = 
Dg/Ogg  and  by  =  ^y/^gy  tor  the  assuawd 
f]^,  fj  and  fj  values. 


pbotOM  aaitted  in  phasa  at  any  point  of  the  soutca, 
at  thair  iapact  on  tha  targat  ia 


i  [*1  +  *2  *3^11.  n> 

Tha  aonochroBator  haa  to  produce  a  baas  with  <to 
satiafy  condition  (la)) 


Snail  oaclllationa  of  the  entire  targat  along  tha 
Z  axis  have  negligible  affect.  Oaclllationa 
perpendicular  to  Z  should  be  kept  to  leas  than  0.1  an. 

Oecillations  of  individual  nirrora  in  the 
interference  unit  sliould  have  aaplitude  i  25A.  It 
ia  desirable  to  nanufacturc  t)ie  entire  unit  as  a 
solid  block. 


M  10~^—  (8) 

1^  rz^rr 

Assunlng  that  L  is  chosen  to  satisfy  condition  (4) > 
requiranent  (lb)  is 

!•  <  =  4.6S  •  10^  cn.  (9) 

To  nlninixe  T,  choose  !■  at  its  niniaun  value 
consistent  with  condition  (3) ,  as  listed  in  Table  I. 
Then 


T  »  4.4  •  Io’m  sec.  (10) 

ax 

Figure  4  gives  the  value  of  T  for  various  target 
diaaeters.  Foe  exaaple,  >to  iaprint  the  desired 
Interference  pattern  on  a  quadrangular  surface  of 

width  Dj^  ■  10  ^cn  (i.e.  ^  10  ^ca,  b^  •  0.236) 

and  Dy  *  10~^CB  (i.e.  by  ~  0.333),  one  would 

need  T  •  8.3  •  10®  sec  4  days  if  all  airrors 
were  prefectly  reflecting  (i.e.  M«l) .  when  - 
10“®ca,  Dy  -  10“2ca,  M-1,  then  T  •  3.3  "10^ 
sec  «9  hrs.  (Assualng  n^^  *  S.IO^^  pbotons/ca^.) 

Hith  multilayer  airrors  one  expects  a 
reflexivity  (2)  M  %  20%  for  X^IOOX.  With  only  one 
alrror  in  one  beam,  and  a  aonochroaator  especially 
designed  for  this  purpose  (e.g.  Be  mirror  and 
transaisslon  grating)  MwSO. 


OOMCMBIONS 

At  an  SSRL  port,  under  the  most  unfavorable 
circuastances,  A  lO^^ca  x  I0~^<ae  grating  with 
line  density  of  5  *  10^  lines  per  am  (5  *  10® 
lines  per  grating)  could  be  aanufactured  within  a 
couple  of  weeks  of  exposure.  (A  10~®eB  x  10~®ca 
grating  with  tlie  saae  line  density  would  require 
several  days  exposure.) 

Tlte  interference  unit  nay  be  aanufactured  in  a 
single  block,  could  not  be  disaligned,  and  ao  the 
expoeure  tiae  nay  be  accumulated  slowly. 

Tlte  required  exposure  tines  can  be  reduced  as 
follows: 

(1)  Tune  SPEAR  to  a  single  beaa  node  operation. 
Then  the  four  diaensional  phase  space  A, 

Ay,  and  with  it  T,  could  be  reduced  by  at 
least  (3)  a  factor  10. 

(2)  A  wiggler  magnet  can  increase  photon 
brightness,  and  decrease  T  by  at  least  (4)  a 
factor  10®. 

(3)  Reuliation  froa  a  wiggler  aagnet  could  pump  a 
Li  x-ray  laser  (S) .  In  the  AX  range  of 
interest  the  radiation  would  be  about  10® 
tines  more  intense  than  the  radiation  froa 
the  wiggler,  thus  T  could  be  reduced  by 
about  another  factor  10®. 


REFBRaiCES 


TOI£RANCES 


Horizontal  electron  bean  drift  has  negligible 
effect. 

Vertical  electron  bean  drift  should  be  kept 
<  0.4  MB  for  the  parameters  in  Table  I.  (Otherwise 
target  will  have  to  be  raised  or  lowered 
synchronously  with  electron  beam) . 


Fig.  4  Exposure  tiae,  T,  as  a  function  of  b^  ■ 

Dx/Dsx  ^  *  ^y^sy*  assumed  that 

the  geoewtry  is  as  shown  in  Fig,  1  (i.e.  D|,  ■ 

D,) ,  that  all  airrors  are  perfectly  reflecting 
and  aonochroaator  throughput  is  unity  (i.e.  K-1) ,  and 
that  the  parameters  are  those  listed  in  Table  I. 
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APPENDIX 

Photons  emerging  frem  a  target  with  dianeter 
Dgx  and  at  angles  (measured  from  Z)  within  the 
interval  (see  Fig.  2c)  ^'D/L  fill  a  (two 
dimensional:  position,  angle)  phase  space  volume: 


A 


X 


SX^X* 


(A-la) 


One  can  similarly  define  Ay. 

A  ’time-like’  phase  space  volume  can  also  be 
defined: 


A  =  T  »  T  AX  ,  (A-lb) 


Nhere  T  is  the  time  during  which  the  photons  are 
produced. 

The  total  (six  dimensional)  phase  space  volume 
filled  by  photons  which  can  be  used  Airing  tiae  T  to 


■axl«»  vml«M  o£  p«caitt«d  by  Iq.  (7)  (m  • 
function  of  Indopondontly  varied  A,|  and  Ay)  la 
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produce  the  dealred  interference  pattern  is  the 

■active  phaae  space*: 


A  ^  =  A  A  A^. 
xyt  X  y  t 


(A-1) 


Iquation  (3)  restricta  A^  and  Ay: 


>  ‘**x  *  'yN 


(A-2) 


Where 


id  ♦  “i'^si  -  ^ 

1  »  “  °l^.i  <  1 

i  •  x,y. 

Nben  conditions  (la) ,  (2a)  and  (4)  hold,  then  the 


xyt 


'l*^  1 


4  2P 


*x*y 


(A-3) 


But  when  A^  and  Ay  canimt  be  varied 

independently,  then  this  naxinun  nay  not  be  reached. 

E.g.  when  Dgjj,  Dgy,  Dg  and  Dy  are  all  fixed, 

and  L  is  varied,  then  the  eaxlwin  of  the  useful  phase 

space  voluae  is 


■“L*xyt 


^^3 

4-V5p^ 


^o'^Vv  1 
*^h  **sx*^8y 


where 


(A-4) 


Evaluation  of  ultrasoft  X-ray  optics,  sources,  and  detectors 
for  high  resolution  molecular  X-ray  emission  spectroscopy 
G.  Andermann,  R.  Kim  and  F.  Burkard 
Department  of  Chemistry,  University  of  Hawaii 
Honolulu,  HI  96822 
ABSTRACT 

The  general  requirements  of  obtaining  high  resolution  molecular  X-ray  emission  spectroscopy 
(0.01  to  0.1  eV)  are  Inspected.  Various  X-ray  optics,  sources,  and  detectors  are  reviewed  in 
terms  of  intensity  and  resolution.  An  approximate  theoretical  formulation  Is  offered  to 
compare  the  speed  of  photographic  detection  with  that  obtained  by  scanning  and  position 
sensing  photoelectric  detection.  The  main  features  of  the  recently  developed,  automated 
scanning  photoelectric  attachment  for  a  5  M  grating  spectrometer  are  described.  Experimentally 
obtained  photographic  and  scanning  photoelectric  data  for  first  order  0  K  emission  are  compared. 

I.  INTRODUCTION  The  following  photoelectric  PSD  devices  have  the 

potential  to  fulfill  the  above  requirements  for  detec- 
Molecular  XES  studies  with  high  resolution  Instru-  tion  In  the  10  to  150  A  range:  (A)  grazing  Incidence 
mentation,  0.1  eV  or  better,  were  Initiated  about  ten  photocathode-magnetically  focussed  photoelectrons 
years  ago  by  Slegbahn  and  his  coworkers.*  Since  then  a  detected  by  a  CCDA  (hereafter  referred  to  as  GI-FE- 

few  additional  groups  have  entered  this  field.  These  CCDA),  (6)  phosphor  coated  self  scanning  photodiode 

high  resolution  studies  may  be  divided  Into  »^wo  broad  array  (PC-SSPA) ,  and  (C)  various  mlcrochannel  plate 

categories,  namely,  (A)  chemical  bonding^  and  radla-  (HCP)  devices, 

tion  damage  studies  of  the  type  already  undertaken  by 

many  other  workers  with  lower  resolution"*,  and  (B)  the  A.  GI-FE-CCDA 

more  esoteric  studies  dealing  with  X-ray  processes, 

such  as  those  involving  multiply  Ionized  initial  and  This  device  relying  on  the  efficient  conversion  of 

final  states^"®,  and  even  vibrational  fine  structure  soft  X-rays  to  energetic  electrons  Is  currently  under 

Investigations®.  While  type  (A)  studies  can  be  development  by  Lowrence  of  the  Princeton  Unlv.  Obser- 

readlly  conducted  with  a  resolution  of  0.1  eV,  and  vatory*^.  It  overcomes  the  Insensitivity  of  a  CCDA  to 

occasionally  even  with  significantly  worse  resolution,  ultrasoft  X-rays  via  their  conversion  to  photoelectrons 
type  (B)  investigations  generally  require  resolution  and  attempts  to  maintain  spatial  resolution  via  a 

in  the  range  of  0.01  to  0.03  eV.  Resolution  of  0.01  magnetic  field.  High  gain  Is  obtained  through  the 

to  0.1  eV  is  achievable  only  above  10  A,  and  then  only  focussed  and  accelerated  photoelectrons.  While  this 

with  reasonably  high  focal  length  grating  optics.  elegant  device  is  highly  promising,  the  exact  resolu- 

Table  1  lists  the  various  Installations  with  grating  tion  (and  efficiency)  capabilities  are  yet  to  be 

optics,  focal  lengths,  sources,  detectors,  date  of  announced, 

completion,  and  types  of  samples  studied  from  the 

molecular  point  of  view.  In  what  follows  below  we  B.  PC-SSPA 

shall  evaluate  briefly  the  choices  for  various  key 

components  for  obtaining  optimum  Intensity-resolution  With  this  device  Schnatterly ' s  group  has  found  a 

performance.  clever  way  to  overcome  the  insensitivity  of  an  SSPA 

detector  to  ultrasoft  X-rays  by  their  conversion  to 
II.  RESOLUTION  CONSIDERATIONS  visible  light  via  a  simple  red  phosphor* .  This 

conversion  is  lOOZ  efficient.  Currently,  the  PC-SSPA 
For  scanning  photoelectric  spectrometers  the  is  a  flat  device.  It  should  be  noted,  however,  that 

total  Instrumental  resolution  Is  due  to  the  optics  with  a  1  cm  flat  device  the  optical  aberrations  in  our 

Involved,  l.e.  slits  and  grating.  However,  where  only  spectrometer  would  be  about  20  u  at  the  edges**.  For  a 

a  primary  slit  Is  used,  and  the  detection  Is  in  terms  2.S  cm  device  the  aberrations  at  the  edges  would  be 

of  a  position  sensing  detector  (PSD),  such  as  a  prohibitive.  In  order  to  utilize  a  PC-SSPA  in  a  high 

photographic  plate  (PP)  system,  or  a  photoelectric  PSD  resolution  configuration.  It  is  suggested  that  fiber 
device,  then,  of  course,  the  Instrumental  resolution  optics  with  the  very  high  spatial  resolution  of  about 

must  Include  the  contribution  of  the  PSD  system  also.  5  u  precede  thf  SSPA,  thereby  providing  the  appro- 

The  fundamental  aspects  of  Instrumental  resolution  due  priate  curved  surface,  and  that  the  phosphor  coating  be 

to  grating  optics  Is  textbook  information^®  and  there-  applied  to  such  a  surface, 

fore,  will  not  be  treated  here.  A  brief  review  of 

various  PSD  devices,  however,  might  be  in  order.  To  C.  HCP  DEVICES 

date,  the  detector  spatial  resolution  Rj  on  a  photo¬ 
graphic  plate  Is  still  the  best,  namely,  about  10  u**.  As  Is  well  known,  HCP  devices  consist  of  capillary 

and  any  high  quality  densitometer  has  a  resolution  photocathodes  coupled  to  any  of  a  wide  variety  of  anode 

capability  down  to  10  u  also.  In  our  5  M  grating  systems.  Meeting  the  spatial  resolution  requirement 

Instrument  with  a  632  1/mm  grating  10  y  represents  Rj  for  the  photocathode  part  merely  requires  that  the 

values  of  about  0.06  eV  at  20  A,  and  about  0.007  eV  front  surface  of  the  capillary  array  be  ground  down  to 

at  80  A**.  Corresponding  first  order  slit  resolution  the  Rowland  cylinder,  and  that  the  bias  angle  be 
Ro  values  with  a  1  y  primary  slit  width  are  0.10  eV  fabricated  around  60*  yielding  a  spatial  resolution  of 

and  0.006  eV.  Obviously,  with  photographic  PSD,  R^  16  y  with  8  y  capillaries.  Spatial  resolution  from 

values  approach  R^  values.  the  anode  is  a  far  more  formidable  problem.  Of  the 

The  above  evaluation  poses  the  following  require-  many  possible  anode  choices  only  the  ones  developed  for 

ments  for  optimum  resolution  behavior  on  the  part  of  astrophysical  studies  by  Timothy  and  Bybee*®,  and  by 

any  photoelectric  PSD  system:  (1)  Rj  values  should  be  Kellog  et  al.*®  appear  to  be  suitable.  The  former 

near  15  to  20  y,  (2)  it  should  conform,  just  like  a  PP  method  is  of  a  brute  force  nature  yielding  a  spatial 

device  to  the  Rowland  circle,  and  (3)  for  the  sake  of  resolution  of  about  20  y  by  using  Individual  wires 
convenience  It  should  be  reasonably  large,  say  1  to  2"  plus  individual  amplifiers.  The  latter  relies  on  an 

along  the  Rowland  circle.  elegant  electronic  Interpolation  technique  and 
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TABLE  1 

DESCRIPTION  OF  GRATING  SPECTROMETERS 


Focal 

Date  of  Completion 

Types  of 

Location 

Length  (M) 

Source 

Detector 

or  Activation 

Samples 

Uppsala 

3 

Focussed  electron  beam 

PP 

1971 

gases 

CEM 

1978 

MCP 

7 

DESY 

2 

DORIS  storage  ring 

CEM 

1974 

solids 

Hawaii 

5 

2  KW  Henke  tube 

PP 

1978 

solids 

FPC 

1980-81 

Munich 

11.6 

18  KW  rotating  anode 

CEM 

1978 

solids  and 

FPC 

1980 

condensibles 

Helsinki 

6 

Semifocussed  electron  beais 

CEM 

1975 

solids 

NBS 

2.2 

Focussed  electron  beam 

PP 

1980 

gases 

Uppsala 

10.0 

Focussed  electron  beam 

PP 

1978 

gases 

Virginia 

11.2 

Grazing  incidence  electron 
beam 

SSPA 

1981 

metal  surfaces 

resolution  values  down  to  10  u  ate  conceivable. 

III.  INTENSITY  CONSIDERATIONS 

The  Instrumental  factors  affecting  Intensity  are 
sources,  source-sample  arrangements,  optical  arrange¬ 
ment,  and  detectors.  The  discussion  offered  below  will 
emphasize  detector  evaluation. 

A.  SOURCES  AND  SOURCE  SAMPLE  ARRANGEMENTS 

As  Table  1  Illustrates  there  are  storage  ring, 
electron  beam,  rotating  anode,  and  Henke-stype  sources 
currently  In  use  by  molecular  XES  workers.  Gllberg 
et  al.  recently  compared  his  rotating  anode  source  with 
the  DORIS  storage  rlng^^.  Andermann  expanded  this 
evaluation  by  Including  the  Henke-style  source  and  the 
Uppsala  electron  beam  source**^.  According  to  these 
evaluations  the  following  may  be  concluded:  (1)  Elec¬ 
tron  beam  sources  provide  the  greatest  monochromatic 
flux.  (2)  A  storage  ring  provides  the  highest  utlll- 
zable  continuum  flux  over  the  range  of  10  to  60  A, 
but  above  60  A  a  18  KW  rotating  anode  with  sufficiently 
high  Z  for  a  target  will  be  actually  superior  to  the 
DORIS  storage  ring.  (3)  A  Henke-style  source  with  a 
stationary  anode  is  usually  limited  to  2.5  KU  or  less, 
yet  It  provides  a  reasonably  high  continuum  flux  with  a 
high  Z  target  and  very  good  monochromatic  flux  with 
low  Z  targets.  Of  all  of  the  sources  listed  In  Table  1 
only  the  Henke-style  source  uses  a  gate  valve  with  a 
thin  window  resulting  In  a  loss  of  a  factor  of  2  or 
less  In  the  flux  to  maintain  the  Integrity  of  both  Che 
X-ray  tube  and  sample  chamber.  The  sample  to  anode 
coupling,  however,  can  be  as  short  with  the  Henke-style 
source  as  with  the  rotating  anode  one,  namely,  about 
13  mm, 

B.  OPTICAL  ARRANGEMENT 

At  a  given  resolution  there  are  three  aspects  to 
the  Intensity  throughput  In  a  grating  spectrometer. 
These  are  slit  height,  grating  diffraction  efficiency, 
and  In  the  case  of  blazed  or  laminar  gratings,  varia¬ 
tion  of  angle  of  Incidence.  In  order  to  minimize 
optical  aberration  with  straight  slits.  It  Is  necessary 
to  keep  Che  slit  height  to  local  length  ratio  to 
reasonably  low  values.  Thus,  for  example.  In  our  5  M 
grating  spectrometer  a  1  cm  slit  height  provides  a 
useful  compromise  between  Intensity  and  resolution. 

With  curved  slits,  however,  such  as  In  Gllberg's  unit*^, 
5  to  10  cm  tall  silts  are  feasible.  In  Schnatterly's 


unit,  at  considerable  sacrifice  of  resolution,  toroidal 
gratings  yield  a  tremendous  gain  In  Intensity  even  with 
short  slits'^. 

As  already  reported  previously^ ^ ,  by  having  the 
grazing  Incidence  angle  variable.  It  Is  possible  to 
gain  a  sizable  factor  in  intensity  for  non-holographlc 
gratings.  In  our  arrangement,  being  able  to  vary  the 
'line  of  sight  adjustment',  i.e.,  the  attitude  of  the 
grating  towards  the  center  of  the  sample,  allows,  in 
addition  to  utilizing  optimum  grating  diffraction 
efficiency,  the  search  for  'hot  spots'  In  the  sample, 
and  thereby  further  Improve  the  flux  from  the  sample. 
Last,  but  not  least,  is  the  diffraction  efficiency  of 
recently  produced  gratings,  which  nowadays  ranges  from 
10  to  25%  routinely,  or  higher  by  one  to  two  orders  of 
magnitude  than  what  was  achievable  about  15  years 


C .  DETECTORS 

The  discussion  shall  be  restricted  to  the  PSD 
devices,  such  as  PP,  MCP,  and  PC-SSPA,  and  to  the  two 
detectors  commonly  used  with  scanning,  namely,  thin 
windowed  flow  proportional  counters  (FPC),  and  channel 
electron  multipliers  (CEM) .  For  the  sake  of  brevity 
background  noise  and  densitometer  noise  problems,  etc., 
will  not  be  considered  quantitatively,  as  Important  as 
they  may  be.  Thus,  the  overall  gain  in  speed  in  going 
from  photographic  to  photoelectric  will  be  judged 
purely  In  terms  of  signal  to  peak  noise  ratio. 

In  order  to  simplify  our  discussion  further  we 
shall  also  assume  that  the  photon  flux  Is  uniform 
along  the  slit  height  direction  and  that  the  grain  and 
pixel  response  In  the  PSD  devices  show  only  random 
variation. 

If  we  let  R  stand  for  the  net  line  to  peak  noise 
ratio,  then  the  gain  of  a  photoelectric  scanning 
system,  as  compared  with  a  photographic  detection 
system  on  the  same  instrument,  Gg, Is  formulated  as 


where  the  subscripts  g  and  s  stand  for  the  photo¬ 
graphic  grain  and  photoelectric  scanner  respectively, 
and  Ng  represents  the  number  of  steps  taken  by  the 
scanner.  In  this  section  we  shall  ignore  the  improve¬ 
ment  In  Rg  due  to  repeated  and  overlapping  averaging 
by  a  digitized  densitometer.  Mow 
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Ks  ■  's’"  <2a). 

and 

Rg  =  'P(g)  (2b). 

where  ^'(g)  Involves  the  emulsion  characteristic,  1 
represents  the  total  number  of  photons  detected,  and  n 
represents  the  number  of  developed  grains  viewed  by  the 
densitometer  slit.  Accordingly, 

Ig  *  "Is  <Ws/Wg)  (3a). 

ana,  if  we  operate  In  the  linear  portion  of  emulsion's 
contrast  curve  we  may  take  i|>(g)  «  1.  Now  for  a  single 
undeveloped  grain 

■  '*■^8  '>8  <3b). 

In  the  previous  eqviatlons  q  represents  the  incoming 
photon  flux  per  unit  area,  n  the  detector  efficiency, 

A  is  the  ar'»a  viewed  by  the  slit,  W  is  the  primary  slit 
width,  and  ag  the  area  of  a  single  grain.  The  correc¬ 
tion  factor  in  (3a)  brings  the  photoelectric  Instru¬ 
mentation  broadening  Into  equivalence  to  that  from  the 
photographic  primary  slit  plus  the  densitometer  slit. 
The  correction  factor  in  (2b)  is  due  to  a  digitized 
densitometer  slit  reducing  the  noise  level  by  averaging 
over  the  grains  viewed  on  a  single  pass  without  over¬ 
lap.  Accordingly, 

ng  =  (Ad/ag)£g  (4), 

where  the  subscript  d  stands  for  densitometer  slit, 
and  fg  Is  the  grain  packing  factor  for  the  plate. 

Using  the  relationships  that 

As  -  YsWs'  (5a), 

and 

Ad  *  YdUd’  (5b). 

where  Y  is  the  silt  height,  and  Ws'  represents  the 
scanner's  secondary  slit  width,  and  Uj'  stands  for  the 
densitometer  slit  width,  we  obtain  by  making  use  of 
the  previous  equations  the  following  highly  simplified 
working  formula: 


While  a  detailed  evaluation  is  offered  subse¬ 
quently  for  0  K  emission  Intensities  with 
photographic  and  scanning  photoelectric  detection,  a 
rough  evaluation  may  be  worthwhile  at  this  point.  We 
estimate  fg  to  be  about  0.5.  Typically  Ng  may  be  100, 
(Yg/Yd)  from  6  to  10,  (Wg/Wg)  typically  has  a  value 
of  about  0.8,  and  (Wg'/Wd')  usually  varies  from  0.5  to 
2.0.  For  a  FPC  (ng/hg)  would  range  from  about  6  to  15, 
and  for  a  CEM  from  3  to  4.  Thus,  for  a  FPC  Gg  would 
range  from  about  0.3  to  3.0  with  Ng  -  100,  and  for  a 
CEM  it  would  be  from  about  0.2  to  1.5.  An  additional 
advantage  for  FPC  over  CEM,  and  for  that  matter  over  a 
PP,  would  be  the  capability  to  discriminate  against  hard 
X-rays,  and  thereby  Improving  the  line  to  background 
ratio.  Clearly  the  above  values  of  Gg  would  Improve 
If  the  photographic  background  signal  was  excessive  due 
to  scattering,  fogging,  etc.,  and/or  if  i|i(g)  values 
would  be  appreciably  below  1.  On  the  ocher  hand,  as 
further  evaluated  in  the  experimental  section, 
multiple  sampling  with  a  digitized  densitometer  or 
averaging  the  digital  data  with  a  computer  program  can 
Improve  Rg  values  appreciably. 

It  Is  pertinent,  however,  to  ascertain  Just  what 
Ng  -  100  represents.  If  the  interval  for  each  step 
dXg  represents  25  u  or  0.1  eV  at  about  20  A,  then  100 
steps  merely  covers  a  span  of  2.5  mm  or  10  eV.  Typi¬ 
cally,  for  chemical  bonding  studies  It  may  be  desirable 


to  cover  a  range  of  about  20  eV  requiring  about  200 
Increments  at  0.1  eV  resolution,  thus  creating  even 
lower  values  for  Gg. 

For  PSD  devices  we  shall  use  the  subscript  p. 
Accordingly  It  can  be  shown  that  the  gain  Gp  over 
photographic  detection  on  the  same  spectrometer  Is  of 
the  following  simplified  form: 


where  the  asterisk  on  W  Indicates  the  image  of  the 
primary  slit  on  the  Rowland  circle.  Wg  is  adjusted 
such  that  Its  Image  Wg*  together  with  Wj'  equals  Wp*, 
l.e. 

Wp*  =  (Wg*2  +  Wd’2)^  (8). 

For  0  K  emission,  for  example.  If  Wp  is  set  at  5ij, 
then  with  our  632  i/mm  grating,  Wp*  would  be  about 
125  w.  If  we  were  to  use  W,]'  as  25  p,  then  Wg  would 
have  to  be  about  6  p.  The  ratio  of  (Yp/Yj)  is  expected 
to  be  from  5  to  10,  and  (Wp*/Wj')  about  5.  For  an  MCP 
device  (fp/fg)  would  be  1,  but  for  a  PC-SSPA  it  would 
be  2.  The  ratio  of  (np/hg)  is  expected  to  be  from  1  to 
3  for  an  MCPA  but  about  3  times  higher  than  that  for  a 
PC-SSPA.  Thus,  for  an  MCP  G  would  be  in  the  range  of 
30  to  180,  but  for  a  PC-SSPA  it  might  be  in  the  range 
of  180  to  about  1000.  Clearly  this  evaluation  tends  to 
favor  a  PC-SSPA  except  for  the  relatively  large  thermal 
and  readout  noise  associated  with  SSFA.  To  date  no 
experimental  work  has  been  done  to  compare  Gp  for  an 
MCP  and  SSPA  device  on  the  same  Instrument,  even  though 
such  an  evaluation  would  be  highly  desirable, 

IV.  EXPERIMENTAL  STUDIES 

Our  Instrument  was  Initially  developed  for  photo¬ 
graphic  detection  and  has  been  described  adequately 
elsewhere2®>22.  As  already  stated  previously,  it  has  a 
Henke-style  X-ray  source  closely  coupled  to  the  sample. 
The  present  sample  holder  Is  a  push-pull  device  and 
holds  two  samples.  Adequate  space  exists  in  the  sample 
chamber,  however,  for  a  rotating  sample  holder  to  hold 
at  least  eight  samples.  The  vacuum  integrity  of  the 
spectrometer  chamber  Is  protected  against  condensable 
vapors  from  the  sample  by  a  cryogenic  trap  placed 
between  the  sample  and  the  opening  aperture  to  the 
spectrometer  chamber. 

The  development  of  scanning  photoelectric  detec¬ 
tion  capability  has  Just  been  completed.  In  Figure  1 
we  show  the  essential  features  of  the  photoelectric 
attachment  minus  the  primary  slit  and  grating  modules. 


Fig.  1.  Photoelectric  attachment  for  the  5  M  grating 
spectrometer.  Legend:  EG — external  gears,  RG — 
reduction  gears,  PS — pivot  stand,  AB — anchor  block, 

MP — mounting  plate,  RR-Rowland  circle  reference  rail, 
LS — lead  screw,  N — nut,  DC-detector  carriage,  L0S-- 
llne  of  sight  adjustment. 
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Accordingly,  the  secondary  slit  is  readily  mountable  on 
any  one  of  three  bridge  positions  on  the  fairly  massive 
slit  and  detector  carriage.  The  secondary  slit  is 
mounted  on  a  retaining  plate  in  such  a  manner  that  it 
can  be  focussed  to  12  u.  The  front  position  allows 
Investigations  at  optimum  grazing  angles  of  incidence 
with  the  632  t/im  grating  down  to  about  8A,  with  the 
rear  position  up  to  about  150  A  using  the  300  l/mm 
grating,  while  intermediate  X's  are  studied  In  the 
middle  position  with  either  grating.  At  C  K  (44  A) 
Speer's  tests  indicated^®  that  the  first  order  diffrac¬ 
tion  efficiency  for  our  632  i/nn  grating  was  12%,  while 
for  our  300  i/mm  blazed  grating  it  was  25%. 

The  detector  carriage  driven  by  the  lead  screw-nut 
assembly  rides  on  the  Rowland  circle  reference  railing 
very  precisely,  namely,  to  plus  or  minus  one  micron. 

The  rotation  of  the  lead  screw  is  monitored  by  a  high 
precision,  absolute  shaft  encoder.  The  lead  screw  is 
driven  from  the  outside  of  the  chamber  by  a  stepping 
motor  via  a  gear  train  to  provide  steps  as  small  as 
1.8  M  on  the  Rowland  circle. 

The  present  detector  for  X  >  lOA  is  a  standard 
Norelco  flow  proportional  counter  modified  to  accommo¬ 
date  thin  Fonnvar  films  prepared  according  to  Henke's 
prescription^^.  Currently,  propane  gas  is  used  at 
about  75  Torrs  of  pressure.  An  HP-85  computer  controls, 
via  a  microprocessor,  the  stop  scan  motor  and  receives 
shaft  encoder  and  FPC  photon  output  data. 

The  initial  alignment  of  the  secondary  slit  was 
recently  accomplished  by  using  a  standard  Norelco  Cr 
target  X-ray  tube  mounted  temporarily  in  the  normal 
sample  position. 

Our  evaluation  of  a  theoretical  Gg  vs.  an  experi¬ 
mental  Gg*  was  carried  out  by  studying  0  K  emission 
from  Ll3P0^.  The  source  setting  with  a  Cu  anode  was 
at  1.5  KW  with  each  type  of  detection.  Photoelectric 
data  were  obtained  under  the  following  conditions: 

Wg  -  Wg'  =  20  u;  Yg  =»  15  mm  and  Ng  =  80  with  AXg  - 
25  u.  We  estimate  the  value  of  rig  to  be  about  0.5. 

The  total  exposure  time  tg*  was  3.2  hrs«,  i.e.  we 
collected  counts  for  100  seconds  for  each  of  the  80 
points  reaching  a  maximum  value  of  3200  at  the  peak. 

The  experimental  conditions  for  photographic  detection 
had  Wg  =  27  p,  Y^j  =  2.5  mm,  W^j'  «  10  p,  and  the  densi¬ 
tometer  sampled  the  intensity  at  intervals  of  of 
10  p.  The  digital  data  were  also  smoothed  out  by 
averaging  all  three  adjacent  points  sequentially.  The 
experimental  photographic  exposure  time  was  1.0  hour. 

If  we  estimate  Hg  to  be  about  0.05^^  and  fg  as  0.5, 
then  the  use  of  equation  (6)  gives  us  a  theoretical  Gg 
value  of  about  2.8. 

Now  in  order  to  obtain  an  experimental  value  for 
Gg*  we  need  to  formulate  it  in  terras  of  Cg*,  tg*,  Rg*, 
and  Ro,m*t  namely,  Gg*  =  (tg*/tg*)6^,  where  6  = 

(Rg*/^  iq),  and  where  the  sampling  parameter  m  ■ 
(W^'/Aa^).  In  this  study  the  settings  provide  a  value 
of  1  for  m,  but  clearly  Rg*  depends  on  The  above 

sampling  can  be  obtained  by  the  use  of  a  computer 
program  also  which  has  the  additional  advantage  of 
averaging  out  the  densitometer's  electronic  noise, 

Rg*  values  are  relatively  easy  to  estimate  since 
it  is  merely  the  square  root  of  peak  count.  The 
achievement  of  Rg*  values,  however,  is  not  straight¬ 
forward.  One  way  to  measure  Rg*  values  is  with  a 
sufficiently  broad  band,  and  thus  obtaining  an 
adequate  number  of  Ig*  values  at  and  near  the  top  of 
the  band.  Accordingly,  from  an  expanded  plot  of  Ig* 
vs.  X  we  obtain  the  desired  experimental  deviations  of 
Ig*  from  a  smooth  curve. 

In  Figure  2  we  have  plotted  the  photoelectric, 
and  two  kinds  of  photographic  data,  one  wi;h  m  ■  1  and 
the  other  with  m  *  3.  The  densitometer  data  do  not 
Indicate  the  proper  photographic  line  to  background 
ratio  (L/B)  which  is  about  0.4.  This  is  in  direct 
contrast  with  the  photoelectric  data,  where  (L/B)  value 
is  about  25  times  better.  The  observed  Rg*  value  is 
57,  whereas  the  corresponding  Rg*  value  is  12,3 
yielding  a  3  value  of  4.6,  and,  therefore,  a  Gg*  value 
of  about  6.6.  Considering  the  relatively  poor  (L/B) 
value  photographically  primarily  due  to  excessive 
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Fig.  2.  OK  emission  spectra  from  LijPO^.  A— photo¬ 
electric  data  with  FPC,  B — raw  photographic  digital 
data  with  m  =  1,  C — photographic  digital  data  with  m  = 

3. 


foggllng,  a  Gg*  value  of  6.6  is  In  good  agreement  with 
the  theoretically  expected  Gg  value  of  2-8.  A  cursory 
Inspection  of  Figure  2  demonstrates  dramatically  the 
Improvement  In  R-*  with  computer  averaging  which  yields 
a  G  *  value  of  about  3.5. 

®  The  evaluation  of  resolution  with  the  present 
photoelectric  unit,  as  well  as  the  correlation  of  our 
intensity  output  with  that  from  the  DORIS  and  Munich 
photoelectric  units,  awaits  the  rejuvenation  of  our 
Henke  style  source,  which  during  the  course  of  the 
present  study  was  determined  to  be  down  In  photon  out¬ 
put  by  a  factor  of  about  1.5,  We  also  envision  the 
use  of  a  new  detector  for  which  the  present  obscura¬ 
tion  of  about  a  factor  of  2,0  will  be  eliminated,  and 
with  which  we  should  be  able  to  use  considerably 
thinner  windows  than  presently  in  use  leading  to 
another  factor  of  about  1.5, 

V.  CONCLUSIONS 

As  to  the  question  of  which  of  the  three  areas, 
namely,  sources,  optics,  and  detectors,  are  likely  to 
show  the  most  dramatic  future  Improvements  from  the 
point  of  view  of  molecular  XES,  It  Is  necessary  to 
Introduce  a  bit  of  a  historical  perspective.  Clearly, 
the  earliest  type  of  ultrasoft  X-ray 
source  for  molecular  XES  studies 
namely,  the  Henke  type,  has  given  way  to  more  powerful 
modes  of  excitation,  as  discussed  above.  Any  future 
improvements  In  sources,  however,  are  bound  to  be 
severely  limited.  In  other  words,  a  40  KW  rotating 
anode  will  only  provide  a  gain  of  2  over  the  present 
20  KW  rotating  anodes.  Perhaps  more  powerful  storage 
rings  than  DORIS  night  yield  another  factor  of  3  or  4 
In  Intensity  also.  The  same  limitations  apply  to  the 
Improvements  In  optics.  In  other  words,  the  big  gains 
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of  factors  of  about  10  or  more  In  sources  and  optics 
are  now  behind  us.  Thus,  judgirfg  from  the  evaluation 
of  detectors,  the  really  dramatic  gains  are  in  this 
field,  namely,  with  the  development  of  PSD  devices 
gains  of  SO  to  200  should  be  realizable.  With  these 
gains  together  with  the  unique  potentials  of  XES  for 
molecular  electronic  structural  studies,  high  resolu¬ 
tion  XES  Is  bound  to  become  a  more  practical  tool  in 
the  field  of  molecular  spectroscopy. 
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ABSTRACT 

A  subkilovolt  spectrometer  has  been  produced  to  permit  high-energy-resolution,  time- 
dependent  x-ray  intensity  measurements.  The  diffracting  element  is  a  curved  mica  (d  > 
9.95A)  crystal.  To  preclude  higher  order  (n  >  1)  diffractions,  a  carbon  x-ray  mirror 
that  reflects  only  photons  with  energies  less  than  ~1.1  keV  is  utilized  ahead  of  the 
diffracting  element.  The  nominal  energy  range  of  interest  is  800  to  900  eV.  The 
diffracted  photons  are  detected  by  a  gold-surfaced  photoelectric  diode  designed  to  have  a 
very  good  frequency  response,  and  whose  current  is  recorded  on  an  oscilloscope.  A  thin, 
aluminum  light  barrier  is  placed  between  the  diffracting  crystal  and  the  photoelectric 
diode  detector  to  keep  any  UV  generated  on  or  scattered  by  the  crystal  from  illuminating 
the  detector.  High  spectral  energy  resolution  is  provided  by  many  photocathodes  between  8- 
and  50-eV  wide  placed  serially  along  the  diffracted  x-ray  beam  at  the  detector  position. 

The  spectrometer  was  calibrated  for  energy  and  energy  dispersion  using  the  Ni  ha|,2 
lines  produced  in  the  LUn,  lONAC  accelerator  and  in  third  order  using  a  molybdenum  target 
x-ray  tube.  For  the  latter  calibration  the  cetrbon  mirror  was  replaced  by  one  surfaced  with 
rhodium  to  raise  the  cut-off  energy  to  about  3  keV.  The  carbon  mirror  reflection 
dependenoe  on  energy  was  measured  using  one  of  our  Henke  x-ray  sources.  The  curved  mica 
crystal  diffraction  efficiency  was  measured  on  our  Lew-Bnergy  X-ray  (LEX)  machine.  The 
spectrometer  performs  well  although  some  changes  in  the  way  the  x-ray  mirror  is  held  are 
desirable. 


INTRODUCTION 

A  subkilovolt  x-ray  spectrometer  having  a  high- 
and  variable-energy  resolution  and  good  frequency 
response  was  needed  for  making  time-dependent 
measurements  of  diffracted  x  rays.  The  nominal 
photon  energy  range  of  Interest  is  800  to  900  eV 
(15.5  to  13.8  A).  We  wanted  a  spectral  energy 
resolution  between  8  and  50  eV.  The  temporal 
response  of  the  x-ray  detector  to  a  step  function 
input  should  be  a  few  ns.  Figure  1  shows  a  cross 
section  and  Fig.  2  a  photograph  of  the  total 
spectrometer . 

DIFFRACTION  CRYSTAL 

The  photon  energy  range  of  interest  dictated  a 
reflection  spectrometer  to  avoid  the  absorption  of 
the  diffraction  crystal.  Mica  (002  plane)  was 
selected  as  the  diffracting  crystal  because  it  was 
readily  available,  easily  curved  without  fracturing, 
and  did  not  require  special  handling  or 
environmental  conditions.  Alternatives  to  mica  are 
crystals  such  as  KAP,  RAP,  and  lead  sterate.  Mica 
does  have  a  serious  drawback  in  this  planned  use;  it 
has  strong  high-order  diffractions,  especially  in 
the  odd  orders.  The  spectrometer  would  be  used  in 
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Figure  1.  Simplified  cross  section  drawing  of 
spectrometer  showing  x-ray  path  along  various 
internal  components. 


an  environment  where  there  would  be  photon  energies 
at  intensities  sufficient  to  result  in  higher-order 
diffractions,  adding  significantly  to  the  signal  in 
the  energy  Interval  of  interest.  These  higher 
energy  photons  had  to  be  eliminated.  To  provide  for 
this  low-pass  filter,  an  x-ray  mirror  was  introduced 
in  front  of  the  diffracting  crystal  and  is  discussed 
in  the  following  section. 

It  can  be  shown  that  there  is  a  relationship 
between  the  range  of  photon  energies  to  be  observed, 
the  radius  of  curvature  of  a  bent  diffraction 
crystal,  and  the  width  of  a  parallel  x-ray  beam 
incident  on  the  crystal.  The  relationship  is: 

Wj,  «  r  (cos  Sf,  -  cos  Bj) 

where 

=  beam  width  (cm)  of  incident  x  rays, 

r  •  radius  of  curvature  of  bent  crystal 
(cm) , 

Bj,  “  Bragg  angle  of  highest  energy  photon 
desired  detected, 

B{,  -  Bragg  angle  of  lowest  energy  photon 
desired  detected. 


Figure  2.  Spectrometer  body  showing  ball  and  socket 
alignment/attachment  flange,  access  and  pump  out 
ports,  vacuum  bellows,  and  x-ray  detector. 


•This  work  was  performed  under  the  auspices  of  the  O.S.  Department  of  Energy  by  Lawrence 
Livermore  National  Laboratory  under  Contract  W-7405-Eng-48. 

0094-243X/81/750314-06$1 . 50  Copyright  1981  American  Institute  of  Physics 
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The  Bca99  angle  Is: 

e  -  ain-1  [6,20  x  10V(«J)  (E/n)] 

where 

d  •  diffraction  crystal  spacing  (&) 
B  •  photon  energy  (eV) , 
n  •  diffraction  order. 


at  four  energies  for  first  order;  and  at  a  single 
energy  for  fifth  order.  Typical  results  can  be  seen 
in  Fig.  4  for  the  various  orders,  and  Fig.  5  shows 
the  efficiency  for  two  different  crystals  in  first 
order  in  the  photon  energy  range  of  interest. 

The  data  points  in  Figs.  4  and  5  are  connected  with 
straight  lines  for  ease  of  reading  and  inferring 
trends  but  are  not  authoritative  on  Interaediate 
values. 


It  can  also  be  shown  that  6£  <  36^,  which 
precludes  photons  diffracted  froa  the  crystal  at  the 
high  energy  liadt  Cram  intersecting  the  crystal. 

For  the  spectroaeter  design,  the  airror  length 
and  angle  selected  set  W^,  •  5.28  sa.  Other 
experiaental  paraaeters  set  are  d  -  9.95  k,  E;,  • 
photon  energy  associated  with  6t,  *  900  eV,  Ej,  • 
photon  energy  associated  with  •  800  eV,  and 
n  >  1.  Applying  the  above  expressions,  r  >5.59  ca. 

A  radius  of  curvature  of  r  >  5.08  ca  was  selected  to 
allow  detection  of  a  scaewhat  larger  energy  range, 
and  with  the  fixed  beaa  width,  the  resulting  energy 
range  was  Ej,  •  794  eV  to  •  903  eV.  The  crystal 
depth  selected  was  3  ca. 

The  mica  crystal  stock  received  froa  the  vendor 
was  initially  checked  for  diffraction  efficiency. 

This  was  done  with  a  flat  crystal  in  each  of  four 
different  orientations  90°  apart  on  both  sides  of 
the  crystal.  By  using  the  sane  orientation  that  gave 
the  highest  efficiency  when  the  crystal  was  flat,  it 
was  felt  that  one  could  optiaize  the  chances  of 
getting  the  highest  diffraction  efficiency  when  the 
crystal  was  curved.  The  crystals  were  aounted  in  a 
picture  fraae  crystal  holder  appropriately  designed 
to  achieve  the  desired  radius  of  curvature  and  allow 
for  finite  crystal  thicknesses.  Figure  3  shows  the 
bent  crystal  and  associated  holder .  The  thinner 
crystals  (~5  x  10*^  aa)  appeared  to  have  a  acre 
unifora  radius  of  curvature  when  bent  than  those 
twice  as  thick.  After  aounting,  each  crystal  was 
checked  in  third  order  with  a  aolybdenua  x-ray  source 
to  assure  the  range  of  energies  desired  was  achieved. 

We  experiaentally  deteralned  the  diffraction 
efficiency  of  each  bent  crystal  by  the  aethod 
discussed  in  Ref.  1.  The  subkilovolt  diffraction 
efficiency  aeasureaents  were  Bade  on  the  LLNL 
lONAC  (2)  accelerator  and  the  1-  to  4-keV 
deterainations  were  made  on  the  Low-Energy  X-ray 
machine  (3).  Efficiency  aeasureaents  were  thus  made 
at  two  energies  for  second,  third,  and  fourth  orders: 


Figure  3.  Crystal/colliaator  assembly  attached  to 
stand-off  housing. 
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PHOTON  EKCRCY  lEVI 

Figure  4.  Curved  aica  crystal  (roc  >  5.08  ca) 
diffraction  efficiencies  for  n  ■  1,  2,  3,  4,  and  S. 


Figure  5.  Curved  aica  crystal  (roc  >  5.08  ca) 
diffraction  efficiencies  for  two  different  crystals 
at  subkilovolt  photon  energies,  n  •  1. 
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X-RAY  MIRROR 

The  Mirror  Material  chosen  tor  the  x-ray  Mirror 
was  vitreous  carbon.  Beryllium  would  also  have  been 
satisfactory,  but  because  the  Mirrors  required 
handling  and  exposure  to  air,  carbon  was  selected. 

The  cut-off  energy  (~60t  reflection)  selected  was  1.1 
keV.  At  the  low  energy  end  of  the  range  of  Interest 
(800  eV) ,  we  had  to  avoid  possible  second-order 
contributions  at  1.6  keV,  and  at  the  high  energy  end 
(900  eV)  we  wanted  to  have  a  mirror  reflection  like 
that  for  the  rest  of  the  rahge  of  interest  (-708) . 

The  cut-off  energy  choice  was  biased  toward  the  900 
eV  as  the  reflection  generally  falls  off  rapidly  but 
has  a  tail.  We  wanted  the  reflection  to  be  as  near 
to  zero  as  possible  at  1.6  keV,  while  still  having  a 
reasonable  reflection  at  900  eV. 

The  1.1  keV  cut-off  energy  engendered  a 
calculated  1.3°  angle  between  a  parallel  incident 
beam  of  x  rays  and  the  Mirror  surface.  The  vitreous 
carbon  mirror  stock  was  available  in  lengths  up  to 
30.48  CM.  It  was  considered  too  much  of  a  problem  to 
properly  align  the  mirrors  in  series  to  get  an 
effective  length  of  multiples  of  30.48  cm,  so  a 
single  mirror  of  that  length  was  used.  This  decision 
influenced  the  rest  of  the  design  of  the  spectrometer 
because  the  mirror  length  and  angle  determine  the 
maximum  x-ray  beam  width  incident  on  the  diffracting 
crystal;  here  that  would  be  6.92  am.  A  beam  width  of 
5.28  mm  was  selected  to  allow  some  latitude  in  mirror 
positioning,  i.e.,  +  0.82  am. 

The  spectrometer  was  mechanically  designed  to 
allow  us  to  rezksve  and  replace  the  mirror  assembly 
with  a  high  degree  of  assurance  that  its  physical 
position  was  reproducible;  this  edlowed  us  to  easily 
align  the  whole  spectrometer  to  the  source  of 
X  rays.  The  vitreous  carbon  was  attached  to  a  glass 
substrate  to  provide  for  mechanical  rigidity.  The 
mirror  was  positioned  by  three  registration  screws  in 
the  protective  cover  plate  of  the  mirror  holder.  The 
mirror  was  held  against  the  registration  screws  and 
kept  centered  in  the  holder  by  ball  plunger  screws. 
This  method  of  positioning  was  not  ooaqtletely 
satisfactory.  The  ball  plunger  screws  did  not  always 
keep  the  mirror  in  position.  During  routine  handling 
on  two  occasions,  the  mirror  was  found  jammed  out  of 
position.  Adjustment  of  the  ball  plunger  screws 
centering  the  mirror  in  the  holder  proved  very 
critical.  If  these  screws  are  too  tight  and  the 
Mirror  assembly  is  jarred,  the  mirror  can  jam  out  of 
position  and  the  ball  plunger  screws  on  the  mirror 
back  do  not  restore  the  mirror  surface  to  its 
position  against  the  registration  screws.  The  mirror 
angle  was  set  optically  utilizing  a  transit  and 
appropriately  positioned  fiducial  cross-hairs  on  an 
alignment  fixture  at  the  end  of  the  spectrometer . 
Figure  6  is  a  photograph  of  the  mirror  and  mirror 
holder.  Figure  7  shows  the  mirror  assembly  being 
placed  in  the  spectrometer  body. 


Figure  7.  Technician  installing  mirror  holder  and 
collimator  assembly  into  spectrometer  body. 


Figure  8.  Experimental  and  theoretical  reflectivity 
vs  energy  foe  a  carbon  mirror  at  1.3°. 


The  mirror  was  lapped  with  3-  and  l-)mi  diameter 
diamond  polishing  compound  to  a  satisfactory  flatness 
to  achieve  a  70%  x-ray  reflection  (4) . 

The  mirror  reflectivity  was  experimentally 
determined  utilizing  one  of  the  Henke  x-ray 
machines.  The  mirror  wan  placed  on  a  goniometer  and 
the  direct  and  reflected  spectrum  from  a  copper 
anode  x-ray  source  determined.  The  reflected 
spectrui  was  then  divided  by  the  direct  spectrum  to 
determine  the  x-ray  reflectivity  as  a  function  of 
photon  energy.  The  mirror  reflectivity  is  also 
predicted  theoretically  using  the  RBFiaCT  code  (5) . 
Figure  8  shows  the  e;9erinental  and  theoretical 
mirror  reflectivity  as  a  function  of  energy  for  a 
typical  carbon  mirror  at  a  1.3°  angle. 

OV  LIGHT  BARRIER 


As  the  x-ray  detectors  use  a  gold  catho>^,  which 
is  sensitive  to  ultraviolet  as  well  as  x  rays,  there 

Figure  6.  Carbon  mirror  mounted  in  holder  with  beam  was  concern  that  UV  emanating  from  x  rays  absorbed  in 
defining  collimators  attached  to  each  end.  the  diffraction  crystal  and  DV  reflected  off  the 
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crystal  and  associated  hardware  would  lllualnate  the 
detector.  To  mitigate  this  concern,  a  UV  light 
barrier  of  aluminum  was  placed  between  the 
diffraction  crystal  and  some  Internal  collimation 
ahead  of  the  detector.  The  barrier  was  0.75  pm 
thick  and  had  a  transmission  of  0.65  at  852  eV  as 
measured  on  the  lONAC.  The  aluminum  barrier  was 
glued  to  a  stainless  steel  frame  and  can  be  seen  in 
Fig.  3.  It  is  shown  being  positioned  behind  the 
crystal  in  Fig.  9. 


Figure  9.  Installation  of  ultra-violet  light  barrier 
behind  bent  crystal  on  oolllnatoc/crystal  assembly. 

X-RAY  DETECTOR 

The  detector  that  sensed  the  diffracted  x  rays 
was  designed  to  accommodate  different  criteria  on 
spectral  resolution  over  the  energy  range  under  study 
and  to  be  a  high  frequency  response  detector. 

Achieving  the  desired  energy  resolution  was  a 
matter  of  having  the  x-ray  detector  sufficiently  far 
from  the  crystal  consistent  with  a  detector  geometry 
that  could  easily  be  fabricated.  The  detector 
cathodes  vary  from  8  to  55  mm  in  width,  and  the 
distance  frcm  the  point  of  diffraction  on  the 
crystal  to  the  detector  cathodes  ranges  from  46  to  50 
cm  giving  an  energy  dispersion  at  the  detector  of 
0.65  to  1.0  eV/mn. 

IVo  detector  types  were  built,  one  with  three 
cathodes  and  another  with  seven.  Both  detector  types 
had  a  background  cathode  that  would  sense  x  rays 
scattered  from  the  crystal  but  would  be  out  of  the 
pattern  of  diffracted  x  rays. 

Gold  was  selected  as  the  cathode  surface  because 
of  its  large  photoelectric  cross  section  at  the 
energies  of  Interest  and  because  of  ease  of  plating. 

The  detector,  of  necessity,  had  to  be  windowless 
and  have  a  vaccum  coamran  to  that  of  the  spectrometer; 
because  of  this,  it  was  desirable  to  minimize  the 
number  of  vacuum  feedthrough  electrical  connectors. 

It  was  decided  to  operate  the  cathodes  at  a  negative 
high  voltage  requiring  but  one  connector  per  cathode; 
however,  an  isolation  capacitor  is  necessary  to 
record  the  signal.  The  anode  was  at  ground  potential 
and  was  made  of  a  nickel  screen. 

A  prototype  detector  was  made  to  verify  the 
design  and  make  measurements  of  frequency  response, 
voltage  standoff,  etc.;  refinements  bo  the  initial 
design  were  made.  Ne  finally  built  a  detector  that 
had  two  layers  of  cathodes  and  two  anode  screens. 

The  two  layers  of  cathodes,  one  behind  the  other, 
permitted  differing  spectral  resolution  and 


continuous  energy  ooverage  where  desired.  One  anode 
screen  was  in  front  of  all  cathodes,  and  the  second 
was  between  the  two  cathode  layers.  The  anode  screen 
had  a  transnission  of  ~81t  (the  open  area  ratio) . 

The  cathodes  were  operated  at  -4  kv  and,  with  the 
electrode  spacing  used,  gave  a  calculated  Child's  Law 
space  charge  limited  current  of  ~40  A/cm^,  Figure 
10  is  cui  exterior  view  of  the  seven-cathode  detector; 
Fig.  11  is  a  view  of  the  cathodes  looking  in  the 
direction  from  which  the  x  rays  would  be  incident. 
Figure  12  shows  the  three-element  detector  mounted  on 
the  standoff  connecting  the  detector  and  the  crystal 
holder /oollimator  section. 


3k 

\  '  Is  ' 
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Figure  10.  Multi-cathode  x-ray  detector  mounted  on 
adapter  flange  with  electrical  and  vacuum 
feedthroughs  s>K>wn  on  body. 


Figure  11.  Interior  view  of  multicathode  x-ray 
detector  showing  individual  signal  cathodes  and  one 
background  cathode. 


Figure  12.  X-ray  detector  and  crystal/oolllmator 
section  attached  to  stand-off  housing.  X  rays  are 
incident  from  right. 
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Figure  13.  A  typical  x-ray  detector  cathode 
aenaitivity  in  the  aubkilovolt  photon  energy  range  as 
•easured  fay  BStG  and  LLML. 


The  detailed  design  and  fabrication  of  the  final 
detectors  was  done  by  the  Detector  Group  at  BGaG's 
Las  Vegas  Atlas  facility.  They  calibrated  the 
various  cathodes  for  a  variety  of  photon  energies. 

The  detectors  were  also  calibrated  on  the  lONAC. 
Figure  13  shoes  typical  calibration  results 
determined  by  the  teo  laboratories.  The  actual  data 
points  ate  plotted  and  connected  by  straight  lines  to 
illustrate  the  trend  of  sensitivity  with  energy. 

The  detector  time  responses  were  measured 
utilising  bremsstrahlung  from  a  tungsten  target  on 
the  LINAC  located  at  BGaG's  Santa  Barbara  facility 
(6) .  Nhile  not  entirely  appropriate  for  determining 
the  time  response  in  the  manner  the  detectors  are 
used,  the  LINAC  radiation  pulse  (FMBM  ~70  ps)  and  the 
detector's  response  to  that  pulse  were  believed  to 
indicate  the  detector's  temporal  response.  To  the 
LINAC  pulse,  the  largest  cathode  gave  a  rise  tine  of 
~1.1  ns  while  the  rest  of  the  cathodes  varied  in  rise 
time  between  0.7  to  0.3  ns. 


Internal  collimatlon  in  the  spectrometer  first 
defines  the  x-ray  beam  incident  on  the  mirror  and 
then  inhibits  x  rays  scattered  from  the  mirror, 
diffraction  crystal,  or  other  internal  parts  from 
reaching  the  detector.  The  internal  oollisHtion  is 
shown  schematically  in  Fig.  1,  and  parts  of  the 
collimators  can  be  seen  in  Figs.  3,  6,  7,  9,  and  12 
attached  to  the  crystal  and  mirror  holders. 

The  spectroawter  was  designed  so  it  could  be 
disassembled  after  internal  alignment  and  calibration 
and  reassembled  with  assurance  that  the  alignment 
and/or  calibration  was  still  valid.  This  was 
achieved  by  having  all  critical  alignment  mating 
faces  dowel-pinned.  As  was  mentioned  earlier,  the 
spectrometer  is  aligned  to  the  source  with  the  mirror 
removed*  this  makes  for  easy  setup  as  one  does  not 
have  to  establilh  an  offset  for  the  alignment  transit 
to  view  the  reflected  source  off  of  the  mirror  or  try 
looking  through  the  diffraction  crystal.  There  was 
sufficient  ooncern  -  -t  the  reproducibility  of  the 
mirror  replacement  '  ■>  the  mirror  was  cycled  in  and 
out  while  the  spectromc-ctr  was  attached  to  the  lONAC 
and  the  position  of  the  nickel  Laj^,  line  at  the 


detector  location  was  determined  with  a  proportional 
counter.  There  was  no  signifiuant  shift  in  the  line 
position  recorded,  within  the  resolution  of  the 
measurement,  when  the  line  was  located  after  the 
mirror  was  reinstalled. 

Copper  gaskets  are  used  at  all  joints  where 
vacuum  seals  are  required.  The  spectrcateter  is  rough 
pusped  with  a  cryogenic  absorption  piaip,  and  then  a 
valve  is  opened  connecting  the  spectrometer  to  an  ion 
pu^.  Typical  operating  pressures  are  10~^  torr. 

The  calibration  of  the  ocmpleted  spectrometer 
for  energy  vs  position  at  the  detector  location  is 
made  with  a  molybdenum  anode  x-ray  tube.  The 
calibration  is  done  in  third  order,  necessitating  the 
use  of  a  rhodium  x-ray  mirror  rather  than  the  carbon 
mirror  in  order  to  get  the  cut-off  energy  above  2.8 
keV  for  the  1.3°  mirror  angle.  The  molybdenum 
lines  were  recorded  on  film.  A  reference  wire 
casting  a  shadow  in  the  bremsstrahlung  oontinuia  and 
keyed  to  the  alignment  dowel  pins  and  to  scribe  marks 
on  the  detector  allowed  us  to  cross  reference  the 
energy  calibration  with  the  various  harArare  parts 
for  positioning  the  detector  to  the  desired  energy. 
The  developed  calibration  film  was  read  with  a 
scanning  microdensitcmeter . 

Data  processing  resulted  in  three-dimensional 
plots  of  density  vs  position  along  the  diffracted 
x-ray  beam  and  depth.  The  density  was  averaged  over 
depth,  and  the  best  line  position  determined  by 
fitting  a  polynominal  to  the  average  density  vs 
diffracted  beam  position.  The  line  energy  was  then 
compared  with  the  energy  calculated  utilising  the 
appropriate  parameters  of  the  spectrometer  for  that 
same  position  with  a  code  written  to  model 
spectrometer  performance  (7) .  A  first-order 
least-squares  fit  in  energy  space  was  made  between 
the  standard  line  energies  (8)  and  theory,  and  the 
theoretical  energy  values  adjusted  by  the  first-order 
fit  to  determine  a  continuous  set  of  calibrated 
energy  vs  position  at  the  detector  location.  The 
detector  was  positioned  according  to  this  calibrated 
set  of  energy  values.  Figure  14  shows  the 
theoretical  and  calibrated  energy  vs  position. 

Figure  IS  shows  the  same  information  on  a  larger 
scale  so  it  is  easier  to  see  the  difference  between 
the  two  curves*  one  can  see  that  the  calculation 
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Figure  14.  The  calibrated  and  theoretical  diffracted 
photon  energy  vs  position  at  the  x-ray  detector 
location. 
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Asaiaw: 

Average  photon  energy  ■  B  •  850  ev 
Mirror  reflectivity  >  R  -  0.7 

Crystal  diffraction  efficiency  •  e  •  5  x  10~^  ca 
TranBMission  of  OV  light  barrier  -  T  •  0.65 
Energy  dispersion  at  detector  ■  dE/dx  >0.8  eV/aa 
Detector  cathode  area  (1  ca  wide  x  3  ca  deep)  • 
Ad  -  3  cb2 

Detector  Sensitivity  •  8d  ■  90  A/Ml 
Current  -  i  «  1  A 
How  the  detector  current  is: 
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Figure  IS.  The  calibrated  and  theoretical  diffracted 
photon  energy  vs  position  at  the  x-ray  detector 
location!  repeated  here  to  better  illustrate  the 
difference. 

would  predict  a  photon  energy  of  ~1  eV  higher  at  a 
given  position  than  the  calibrated  energy  value. 

Figure  16  is  the  energy  dispersion  calculated  at  the 
detector  location.  No  atteapt  was  aade  to  change 
this  curve  to  reflect  the  calibration.  The 
dispersion  is  useful  in  siting  cathode  lengths  along 
the  direction  of  the  diffracted  x  rays  for  the 
varying  spectral  resolutions  and  for  predicting 
detector  signals. 

Using  the  inforaatlon  given  here  and  sene 
assuaptions,  it  is  possible  to  estimate  the  uniform 
intensity  per  keV  of  x  rays  at  the  spectroaeter 
entrance  that  would  give  1  A  of  detector  current. 
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cB^'S'keV  ca  "keV 

CCMCLDSICN 

The  spectrometer  described  has  performed 
satisfactorily;  however,  any  future  version  should 
have  an  alternate  aeans  of  x-ray  airror  positioning 
and  support.  The  detector  has  a  better  than  expected 
teaporal  response. 
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Figure  16.  Theoretical  photon  energy  dispersion  vs 
position  at  the  detector  location. 
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Efficiencies  of  Bent  Mica  Crystal  X-Ray  Spectrometers 
Arnold  F.  Clark* 

Lawrence  Livermore  National  Laboratory.  P.  0.  Box  808,  Livermore,  California  94550 

ABSTRACT 

Seven  x-ray  spectrometers  have  been  built  to  the  same  specifications  (1).  The  data 
show  the  degree  of  reproducibility  of  the  components;  1)  amorphous  carbon  mirrors,  2)  mica 
crystals  bent  to  a  5  cm  radius  of  curvature  for  Bragg  type  reflections,  and  3)  photo  diodes 
(XRDs)  to  measure  the  x-rays. 

The  efficiencies  agree  to  about  10%.  Calibration  numbers  are  presented.  Mirror  re¬ 
flectivities  were  measured  from  0.75  keV  to  2  keV.  The  mica  spectrometers  were  measured  at 
La  x-ray  lines  from  Co,  N1 ,  and  Cu  at  energies  of  775,  851,  and  930  eV,  respectively.  The 
photo  diodes  were  measured  at  a  similar  set  of  energies. 


X-rays  pass  through  filters  and  lead  collimators 
and  are  reflected  from  a  mirror  set  at  a  glancing 
angle  of  1.3“ .  The  mirror  eliminates  high  order  Bragg 
reflections.  Mirrors,  30  cm  x  6.4  cm,  are  either  glassy 
(vitreous!  carbon  on  a  pyrex  base  or  1200  A  layer 
of  rhodium  on  a  polished  pyrex  base.  An  iridium  coated 
mirror  was  also  tested. 

The  measured  reflectivity,  R,  agrees  with  theory 
to  the  accuracy  of  the  calibrations,  which  Is  +10%. 

R  i  74%  at  900  eV  for  the  carbon  with  a  density  of 

I. 54  g/cc 

R  3:  73%  at  2.2  keV  for  rhodium  with  a  density  of 

II. 20  g/cc 

R  ■};  18%  at  3.0  keV  for  Iridium  with  a  density  of 
2.0.2  g/cc 

The  reflectivity  decreases  rapidly  at  higher  energies: 
R  <  1%  at  2  keV  for  carbon  at  and  3.6  keV  for  rhodium. 

After  reflection  from  mirrors,  the  x-rays  with 
the  proper  energies  are  diffracted  (Bragg  reflections) 
by  bent  crystals,  mica  or  quartz  about  0.1  mm  thick. 
The  crystals  are  bent,  (radius  of  curvature  »  5  cm) 
so  that  different  energies  can  get  diffracted  (re¬ 
flected)  from  different  parts  of  the  crystal. 

The  diffraction  efficiencies  have  been  measured 
at  a  number  of  energies  and  are  consistent  with  pre¬ 
vious  experimental  measurements  of  similar  crystals. 
For  the  mica  at  900  eV  the  efficiencies  from  a  dis¬ 
tant  source  are  about  0.5  x  10"*  +  10%  of  the  Inci¬ 
dent  flux  per  cm  length  of  the  diffracted  line.  The 
quartz  crystal  (Roc  =  11.8  cm)  has  an  efficiency  of 
about  2.3  X  10'^  per  cm  length  at  2.2  keV. 


. - ■  —  .V..  .Mc  i-tjrstais  pass  tnrough  cop- 

per  CO  llmators  to  detectors.  The  detectors  are  x-ray 
photodiodes;  XRO-45's  with  gold  cathodes  to  provide 
maximum  sensitivity  In  the  900  eV  energy  range. 

XRDs  are  used  because  they  can  be  very  'fast  and 
measured  response  times  were 
-O.Z5  ns.  These  particular  XRDs  were  designed  to 
provide  continuous  coverage  by  having  neighboring 
cathodes  staggered  and  overlapping  so  that  x-rays 
missing  one  cathode  would  get  caught  on  the  next  one. 

spacing  was  set  to  make  the  Inter-elec- 
^  Pu’seO  wltage  on  one 
Ing^lectrode^  *  nel9hbor- 

A  background  cathode  was  positioned  to  detect 
general  scattered  radiations. 

caUP  lasted  both  on  the  lONAC 
facility  at  EGAG,  Las  Vegas. 

with  cll  ibMtinn*  ^ Consistent 

cincir?  4*  ^  previous  gold  cathode  XRDs.  The 

sensitivity  for  900  eV  x-rays  Is  1.2  x  10-^  coulombs/ 

atV^Zv^icVa^  Z  fo  sensitivity 

at  2.2  iceV  Is  0.4  x  10  coul ombs/kev. 
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CALIBRATION  NUMBERS 


for  X-rays 

of  900 

ev 

of  2.2  keVS 

Spectrometer  number 

1 

2 

3 

4 

5 

6 

7 

Mirror 

Reflectivity  at  1.3“ 

62% 

72% 

69% 

67% 

72% 

74% 

68%f 

Mica  Crystal ,  Roc; 5cm, 
efficiency  units:  10"*  cm 

0.48 

0.51 

0.50 

0.49 

0,48 

0.56 

28  ff 

XRD  coul ombs/kev  x  10^0 

1,3 

1.15 

1.0 

1.0 

1.2 

1.15 

0.45 

tRhodlum  mirror  at  1.3“ 
ffQuartz  crystal;  Roc  16.8  cm 
^Spectrometer  #7  was  calibrated  for  2.2  keV  x-rays 


*Hork  performed  under  the  auspices  of  the  U.  S.  Department  of  Energy  by  the  Lawrence 
Livermore  National  Laboratory  under  contract  number  W-740S-ENG-48. 
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ABSTRACT 

In  this  paper  we  present  an  analytical  study  of  a  rectangular  and 
translucent  diffraction  grating  composed  of  a  material  with  known  optical 
constants  covered  with  a  vacuum  (In  situ)  deposit  of  a  thin  film  of  a  material 
with  unknown  optical  constants.  We  show  that  by  choosing  gratings  of  the 
proper  material  and  dimensions  and  by  measuring  the  Intensity  spectra  of 
Che  coated  gratings,  we  can  use  the  ratios  of  the  observed  orders  to  calcu¬ 
late  the  optical  constants  of  the  thln-fllm  material.  The  method's  great 
advantage  Is  Its  independence  from  the  absolute  Intensities  of  the  Incoming 
and  transmitted  light,  i.e.,  no  measurements  need  be  made  of  the  absolute 
Intensities. 

I.  INTRODUCTION 


It  has  been  shown  in  previous  work  (1)  chat  by 
measuring  the  Intensity  spectra  of  two  or  more  gratings 
of  a  given  material  at  a  given  frequency  of  Interest, 
one  can  extract  the  optical  constants  of  the  given 
material  from  the  recorded  data.  Under  certain  con¬ 
ditions  (1),  almost  any  material  that  can  be  formed  In¬ 
to  a  diffraction  grating  structure  with  sufficiently 
good  qualities  can  have  Its  optical  constants  measured 
this  way.  Unfortunately,  not  all  existing  mfterlals 
that  are  of  Interest  Co  researchers  In  the  soft  x-ray 
range  can  be  formed  Into  diffraction  grating  structures 
trlch  comparable  quality  and  ease. 

Given  Che  fact  that  most  materials,  however,  can 
be  deposited  In  vacuum  (by  evaporation,  or  other  means) 
onto  a  matrix  material  like  gold  or  platinum  (which 
make  gratings  of  excellent  quality) ,  we  undertake  to 
show  in  this  paper  that  essentially  the  same  technique 
may  be  used  to  measure  the  optical  constants  of  many 
materials  Chat  cannot  be  formed  Into  free-standing 
gratings  by  themselves. 

We  will  analyze  a  given  grating  structure  with 
known  optical  constants  with  a  thin  film  of  unknown 
material  on  It  (Fig.  1)  where  the  dimensions  of  both 
the  gracing  and  Che  thin  film  are  known,  and  derive 
the  experimental  equations  from  which  the  optical  con¬ 
stants  of  the  unknown  material  may  be  extracted. 

The  great  advantage  of  this  method  will  be  made 
evident  as  It  is  Independent  of  the  absolute  Intensity 
of  the  source  light  and  can  be  used  to  monitor  the 
optical  constants  of  both  thin  film  and  bulk-type  de¬ 
posits  of  many  unknown  materials. 

II.  ANALYSIS  OF  THE  COATED  GRATING 

The  far-fleld  intensity  spectrum  of  a  diffraction 
grating  is  easily  derived  to  be  (1): 

^  I  M  1^  (1) 

where 

1)  s  =  sine  of  the  observation  angle  with  respect  to 
the  grating  normal 

2)  m  =  observed  order.  At  the  various  orders,  s  • 
m/a 

3)  a  =  grating  period  In  wavelength  units 

4)  d  =  grating  aperture  size  in  wavelength  units 

5)  W  =  grating  bar  thickness  In  wavelength  units 

6)  X  ^  light  wavelength 

7)  M  =  Fourier  transform  of  the  field  distribution 
across  a  bar  top  surface 


8)  AH  Fourier  transform  of  the  field  distribution 
across  an  open  aperture 

9)  N  H  number  of  Illuminated  bars 

For  the  treatment  In  this  paper,  a  few  additional 
definitions  are  necessary: 

10)  q  H  thickness  of  deposited  material  In  wavelength 
units 

11)  n  H  complex  Index  of  retraction  of  the  grating 
material,  n  -  (1-d)  -f  Ik 

12)  n'  -  (1-i')  +  Ik’  H  complex  Index  of  retraction 
of  the  deposited  material 

In  order  to  analyze  the  grating  In  Fig.  1  we  must 
make  a  few  assumptions  (which  must  be  verified  for 
plausibility  when  the  experiment  Is  being  performed) : 
First,  we  assume  that  the  bars  are  coated  on  one  side 
uniformly,  and  that  negligible  deposition  occurs  on 
the  sides  of  the  bars  (this  Is  a  good  assumption, 
expecially  when  \K<  (a-d)).  If  this  is  not  the  case, 
the  treatment  In  this  paper  may  easily  be  extended  to 
account  for  any  material  deposited  on  the  bar  sides. ^ 
The  second  important  assumption  Is  that  negligible  re¬ 
flections  occur  at  the  Interfaces  between  the  grating 
and  the  deposited  material  and  at  the  vacuum/ grating 
Interfaces.  Again,  reflections  of  this  type  may  be 
accounted  for,  but  choosing  materials  where  reflections 
are  negligible  simplifies  the  analysis  considerably. _ 
Examining  Fig.  1,  we  straightforwardly  compute  A 
to  be  (for  a  wave  of  unit  amplitude): 

A-d  sine  ds  (2) 

H  Is  computed  directly  from  the  definition. 

M  -  j{e-^"'^Jdi  (3) 

*  ~2~ 

(a-d)sincva-d)s  j^cos2lt(w5+q6')-lsln2Tr(wC+q6')J  (4) 


Substituting  (2)  and  (4)  Into  (1),  we  obtain  the  ex¬ 
pression  for  the  far-fleld  Intensity  (generalizing  to 
an  Incoming  wave  of  Intensity  I^) : 

Ks)  I  slmraNa  \  ^  T  -4ir(Hk+qk')  ^  2 

I  "  \  simrsa  '  |  e  (a-d)^slnc^(a-d)8 

°  L 
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-2Tr(V«i+qk') 


♦  2e 

cosir sa  cos  2ir(w£-Hi6') 

s 

d(a-d)slncds  slnc(a-d)s 

.  .  iT^r  .  2  d, 

A,  ■  A  •  7-  lain  tt—I 

1  4  1  a, 

•  COSh^ljTj^ 

-1 

(12) 

At  s 

+J^alnc^ds 

■  0,  (5)  becomes 

(5) 

I 

Bj-B.f  [sln2irf2 

.  cosh^ljr2j 

r‘ 

(13) 

lo  C 


-4irrn«<ik')  , 

/_ 


-2irflktqkM  ^  ,  »•) 

2«  d{a-d)eo82ll(Wjt<|{*)  •»  d  }  (6) 

At  fS)  beeoaa* 

1(1)  \ 


1(1)  2/«1bV(V*)  \ 

*’  i  (*/.)*  / 

r  .2ii(wk+<ik') 


eo«2ir(vX»qj*)  -f  • 


-4ll(n4qk*)| 


Given  (8)  -  (13),  Che  following  equations  are  then 
valid: 

(1+Aj)  oo*2ll(fj({«q^)  ♦  A^eoah(2l((Vj^kkq^k')d’r]^) 

-  eerii(2n(V^kt-q^k*))*0  (14) 

(It-l^)  eos2|l(W2^ti|2j*)  +  ■^eosh(2|t(V2k 

-  oorti(2«(*jjk4-q2k‘))*0  (15) 


THIN  FILM 


it's  MO. 


FIGURE  I 

Fig.  1.  Schematic  of  a  grating  of  thickness  W 
coated  on  its  top  surface  with  a  deposit  of  thick¬ 
ness  q.  The  Index  of  refraction  of  the  grating 
material  is  n,  and  chat  of  the  deposited  material 
is  n' . 

lU^THE  EXPERIMENTAL  EQUATIONS 

Consider  two  gratings  characterized  by  different 
parameters  a^^d^,  and  a^^.d^.W^,  but  made  of  the 

same  material.  Let  the  thickness  of  the  deposit  on 
grating  1  be  qj.and  the  thickness  on  gracing  2  be  ^2. 

Assume  that  measurements  of  the  Intensity  spectrum 
have  been  made,  and  Chat 

-  A  (8) 

l2^Vl2°^  -  B  (9) 


rj  -  ln(dj/(aj-dj)) 

r^  -  InCd^/Ca^-d^)) 


Equations  (14)  and  (15)  are  the  required  experi¬ 
mental  equations.  Normally,  5,  k,  a^,  a2,  d^,  d^,  V^, 

^2,  qj^,  and  q2,  will  be  known  (or  measured)  yielding 

two  equations  In  the  two  unknowns.  S’  and  k'.  Note 
Chat  It  Is  not  necessary  for  q^  and  q2  to  be  different, 

as  long  as  W,  and  W2  are  different.  This  makes  Che 
method  easy  to  implement,  since  the  deposition  can  then 
be  done  simultaneously  on  both  gratings. 

IV.  CONCLUSIONS 

There  are  many  practical  considerations  that  must 
be  examined  before  the  method  proposed  in  this  paper 
can  be  considered  useful.  Deviations  from  our  Ideal 
model  In  Fig.  1  such  as  surface  roughness  on  Che  bars, 
or  departures  from  Che  rectangular  profile  must  be 
accounted  for  before  the  equations  (14)  and  (15)  can  be 
considered  useful.  The  analysis  of  these  and  other 
important  departures  from  the  Ideal  model  has  been  done 
elsewhere,  and  Is  directly  applicable  to  Che  case  con¬ 
sidered  here  (1). 

It  should  be  pointed  out  that  for  the  reasonable 


case  of  a, -a. 


and  aj=a2=2dY2d2, 


-q, equations 


(14)  and  (15)  collapse  to  Che  simple  forms 


cos  2Ti(Wj64q6’)+ 


cos  2w  (W26-fq6 ' )  + 


■[^I 


cosh(2TT(Wjk-fqh')) 


cosh(2w(W2k-Kik'))  -0 


Examination  of  the  above  equations  shows  that  If 
q6'  «Wj6j,  ^2^2'  ’^'^''*1*^’  W2k,then  the  effect 

on  the  spectra  of  Che  uncoated  gratings  will  be 
negligible.  This  shows  that  care  must  be  taken  to 
select  gratings  of  sufficient  thinness  If  especially 
thin  films  are  to  be  measured. 

In  conclusion.  If  care  Is  taken  to  select  the 
proper  materials  and  parameters  for  the  gratings,  we 
believe  that  the  technique  outlined  in  this  paper  can 
be  used  to  characterize  easily  and  efficiently  the 
optical  constants  of  many  materials  otherwise  un¬ 
measurable  In  the  soft  x-ray  range. 
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ABSTRACT 

Previous  work  has  shown  that  careful  measurement  of  the  Intensity  spectra 
of  two  or  more  rectangular  transmission  gratings  placed  perpendicularly  to  the 
Irradiating  light  can  yield  enough  Information  to  calculate  the  optical  con¬ 
stants  of  Che  grating  material.  In  this  paper  we  examine  the  possibility  of 
estimating  Che  optical  constants  by  rotating  a  single  rectangular  grating  and 
observing  the  angle  at  which  certain  of  the  diffracted  orders  peak.  Assuming 
this  method,  we  exaislne  the  criteria  under  which  It  remains  feasible  and  In¬ 
vestigate  Che  advantages  that  can  possibly  accrue  from  Its  use  In  subsequent 
experiments  designed  to  measure  optical  constants  In  the  soft  x-ray  range. 


I.  INTRODUCTION 

Until  recently,  the  measurement  of  optical  con¬ 
stants  of  many  materials  In  the  soft  x-ray  range  has 
been  very  difficult  In  Che  soft  x-ray  range  due  to  two 
reasons ; 

1)  The  unavailability  of  high  Intensity,  broad¬ 
band  sources. 

2)  The  Inherent  nature  of  Che  complex  Index  of 
refraction  of  many  materials  In  the  soft 
x-ray  range. 

In  Fig.  1  we  show  a  typical  plot  of  n  and  k  (for 
gold)  versus  energy.  (1)  It  Is  seen  Chat  above  100  eV 
or  so,  n  approaches  1  from  below  and  k  approaches  zero. 
These  are  In  fact  the  trailing  edges  of  the  phase  re¬ 
sponse  curve  and  of  the  Lorentzlan  absorption  curve 
associated  principally  with  Che  plasma  resonance  of 
gold  In  the  high  UV  range.  A  great  many  other  mater¬ 
ials  of  Interest  to  x-ray  researchers  process  similar 
characteristics. 

Due  to  Che  closeness  of  n  to  1,  and  to  considera¬ 
tions  like  scattered  light  and  surface  roughness,  the 
principal  technique  for  evaluating  n  In  this  range  has 
been  to  measure  k  directly  by  measuring  the  absorption 
of  a  monochromatic  x-ray  beam  at  normal  Incidence  In  a 
Chin  film  of  the  material  of  Interest  at  several  fre¬ 
quencies,  and  Chen  to  Interpolate  to  achieve  a  smooth 
k  vs.  eV  characteristic,  and  then  to  compute  n  vs.  eV 
by  employ]  g  Che  Kramers-Kronlg  relations  (2). 

It  Is  Immediately  seen  that  In  order  to  measure  k 
well  one  must  carefully  measure  the  Incident  Intensity, 
the  scattered  Intensity , and  the  efferent  Intensity  at 
the  thin  film  sample.  In  experimental  terms,  this  Is 
a  very  critical  and  precise  process,  and  the 
sources  of  error  are  many.  The  computation  of  n  from 
k  Is  also  beset  with  difficulties  concerning  assump¬ 
tions  about  the  precise  absorption  mechanisms,  their 
oscillator  strengths  and  their  asymptotic  behavior  ver¬ 
sus  frequency  (3) . 

In  recent  years,  however,  principally  due  to  the 
progress  made  In  the  manufacture  (4)  and  analysis  (5, 
6,7)  of  ultraflne  transmission  diffraction  gratings, 
a  new  technique  (8)  has  been  proposed,  utilizing 
ultraflne  gratings,  that  makes  possible  the  direct 
measurement  of  n  and  k  while  avoiding  measurements  of 
Che  absolute  Intensities  of  the  Irradiating  source. 

An  Initial  experiment  based  on  this  proposed  technique 
has.  In  fact,  been  done  at  SSRL,  and  a  description  of 
Chat  experiment  Is  given  elsewhere  In  these  proceedings. 

In  this  paper,  we  Intend  to  give  a  brief 
review  of  the  new  method  and  then  to  demonstrate  that 
It  may  be  done  even  more  efficiently,  under  certain 
conditions,  using  only  one  preselected  grating,  ro- 


leV) 


Fig.  1.  Plots  of  the  optical  constants  n,  k  of 
gold,  n  =  complex  Index  of  refraction  “  n  +  Ik. 


eating  It  to  locate  the  point  that  determines  n  and 
k. 

II.  THE  NEW  METHOD 

We  will  start  by  describing  the  far-fleld  Inten¬ 
sity  spectrum  of  a  planar  transmission  grating  with 
Ideal  rectangular  translucent  bars  characterized  by 
the  complex  Index  of  refraction  fi  •  n+lk  ■  (1-6)  +  Ik. 
(For  a  schematic  of  the  grating,  see  Fig.  2.) 
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and  define  the  following  quantities 
.2 


!■[ 


aln^ir^  •  cosl 
“l 


(9) 

[sln2uf2  •  coehVj]-* 


we  get: 


I 


1  I  I  I  f 

LIOHT 

Fig.  2.  End'vleu  of  Ideal  rectangular  grating. 


I  «  +exp(irln)A  1^  (1) 

In  order  to  avoid  confusion,  we  give  the  follow¬ 
ing  definitions: 

1)  s  =  sine  of  the  observation  angle  with  respect  to 
the  grating  normal 

2)  m  =  observed  order.  At  the  various  orders,  s  - 
m/a. 

3)  a  =  grating  period  in  wavelength  units 

4)  d  =  grating  aperture  size  In  wavelength  units 

5)  W  =  grating  bar  thickness  In  wavelength  units 

6)  X  =  light  wavelength 

7)  M  =  Fourier  transform  of  the  field  distribution 

across  a  bar  top  surface 

8)  A  =  Fourier  transform  of  the  field  distribution 

across  an  open  aperture 

9)  N  =  number  of  Illuminated  bars 

For  the  case  where  we  may  Ignore  surface  and 
Interface  reflection  effects,  the  following  are  easily 
computed  (for  a  wave  of  unit  amplitude); 

M“  (a-d)  [3inc(a-d)sJ  exp  (-2TriW(6-lk) )  (2) 

A  “  d  sine  da  (3) 


(1+Aj)  cos  2iT«j6+AjCOsh(2irWjk+rj)-cosh(2TrWik)-0  (11) 
(1+Bj)  COS  2Trt726+BjCosh(2TrW2k+rp -cosh(2xW2k)  -  0  (12) 

It  Is  clear  that,  given  an  accurate  knowledge  of 
aj,  d^,  a^,  ^2’  ^2’  accurate  measurements  of  A 

and  B,  we  have  two  equations  In  two  unkowns,  and  k 
and  8  may  be  Iterated  out  of  (11)  and  (12). 

Equations  (11)  and  (12)  also  define  the  experi¬ 
mental  technique.  It  Is  seen  that  two  gratings  are 
required  and  two  measurements  of  l(^)/Ivo)  at  normal 
Incidence  in  order  to  evaluate  k  and  8  at  a  given  fre¬ 
quency.  It  is  clear  that  the  most  crucial  part  of  the 
experiment  is  the  careful  control  and  measurement  of 
the  diffraction  grating  parameters. 

For  the  natural  occurence  of  non-rectangular  bar 
shapes  and  for  real  effects  like  surface  roughness, 
etc.  such  imperfections  must  be  modelled  and  In¬ 
corporated  Into  our  experimental  equations.  This  has, 
in  fact,  been  done,  and  the  feasibility  of  the  result¬ 
ing  experiment  has  been  Indicated  elsewhere  (8) . 

III.  THE  MAXIMIZATION  TECHNIQUE 

Examining  Fig.  3,  we  can  write  the  expression  for 
the  intensity  of  the  tilted  grating  formally  as 
(s*  “  s-slnB  ): 

8 

Ks’)  -  I(s’)jgct  +  [Re^(D)  +  Im^(D)] 

-2  [Re(r>)Re(MV&**^®’“')  +  lm(I))Im(5«-Ae’'‘^®'®')3  (^3) 

where 

d 


Substituting  (2)  and  (3)  Into  (l),we  get  the 
following  expression  for  the  ratio  of  the  mth  order 
Intensity,  I(m)  of  the  diffracted  spectrum  to  the  0th 
order  Intensity,  l(o) : 

a  I<"> 

F{m.j,  X)  -  i(o)  - 

Cl  -  2e~^9S^^lTrWS(X)-Fe~*”**^*Wnc^B(d/a)  (4) 

[l  +  2(P/d)-l)e~^co^^iTr'«(X)+qJ‘/<(.l) 

Now  consider  two  gratings  of  different,  non-all- 
quot  thicknesses,  and  U2  and  of  different  apertures 
and  periods  dj,  a,  and  d,,  82.  If  we  define  the 
measured  values  of  the  ftrst-to-ieroth  Intensity  ratios 
for  each  gracing  as: 


l/‘>/Ii<“>  -  A 

(5) 

l2^‘Vl2^“^  -  B 

(6) 

and 

Tj  -  ln(dj/(aj-dj)) 

(7) 

r2  -  In  (d2/(a2-d2)) 


(8) 


Fig.  3.  End  view  of  tilted  grating. 
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and 


L.  -  L  -  L 
d  r  8 


R  -  R 

T  S 


(15) 

(16) 


where  R  are  the  aperture  transforms  of  Ideal 
rectangular ‘segments  and  and  R^  are  the  aperture 

transforms  of  the  edges  brought  in  by  the  tilted  grat¬ 
ing. 

It  is  easy  to  show  and  is  also  intuitively  clear 
that,  when  the  grating  bars  are  much  thinner  than  the 
bar  width  (l.e.,  W  «  (a-dj^tiltlng  the  grating  (7) 
by  a  small  angle  6g  will  cause  virtually  no  change  in 
the  ratio  a/d  and  the  principal  effect  will  be  to 
change  the  effective  bar  thickness  by  a  factor  sec  6g. 
In  such  a  case  eq.  13  may  be  approximated  by 

Ks')  a  Ks')^^  (17) 

and  the  equation  for  the  order  ratios  will  be  approxi¬ 
mately: 


F(m,  .  X,6g) 


P  -2Trt#aec9g  k  -AnVsecfigkl  2  md' 

Ll-2e  cos  2iiWhec9g6  +  e  a* 

[  ,  -2l!Wsec9gk  ,  ,  -4TiWsec6gk  m 

l+2(^,  -l)e  cos2'nVsec9gd  -f  (^,  -1)'‘  e  J 

Ot) 

We  thus  see  that  by  measuring  at  normal 

Incidence  for  a  grating  that  fulfills  our  requirements 
(W«(a-d))  and  then  tilting  it  by  a  small  angle  and 

remeasuring  we  can  use  equations  (11)  and 

(12)  again  to  Iterate  out  the  optical  constants. 

The  added  advantage  of  this  technique  is  that 
we  can  easily  find  the  turning  points  of  the  first 
order  intensity  to  be  defined  by  the  equations 

^-2iiV'k  _  +  I  sin  2itW'6  (19) 


and  thus,  by  rotating  the  grating  through  a  maximum 
(or  minimum)  of  the  observed  first  order,  we  can 
precisely  establish  an  auxiliary  equation  from  which 
we  can  also  extract  the  optical  constants. 

IV.  CONCLUSICMJS 

The  principal  advantage  of  our  extended  maximi¬ 
zation  technique  is  that  only  one  grating  is  required 
and  thus  all  the  systematic  and  random  errors  ac¬ 
quired  in  measuring  two  independently  constructed 
gratings  are  halved.  In  addition,  the  observation  of 
a  Cuming  point  in  a  diffracted  order  is  of  great 
assistance  in  obtaining  a  precise  measurement  of  the 
angle  at  which  the  turning  point  occurs. 

The  disadvantages  of  this  method  are  that  the  re¬ 
mainder  termSin  eq.  (13)  must  be  verified  to  be  small, 
and  Chat  an  Independent  additional  degree  of  freedom 
(rotation)  must  be  Incorporated  into  the  experiment  in 
such  a  way  that  the  rotation  will  be  measured  with 
high  precision.  These  restrictions,  however,  should 
not  prove  prohibitive,  especially  if  Che  grating  shape 
is  well  known. 

In  summary,  we  feel  that  our  extended  technique 
will  prove  worthwhile  whenever  gratings  of  high 
quality  are  difficult  to  produce  for  a  given  material 
and/or  whenever  only  one  high-quality  grating  is 
available  for  the  experiment. 
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ABSTRACT 

Uranium  total  attenuation  coefficients  were  measured  continuously  from  0.84  to  6.0  keV 
and  at  selected  higher  energies  using  a  vacuum  single  crystal  diffractometer  and  flow-propor¬ 
tional  counter.  Statistical  fluctuations  ranged  from  0.5t  to  2%.  The  overall  accuracy  was 
3%.  Prominent  structure  was  measured  within  20  eV  of  the  M5  (3.552  keV)  and  N*  (3.728 
keV)  edges.  Jump  ratios  were  determined  from  log-log  polynomial  fits  to  data  at  energies 
apart  from  the  near-edge  regions.  These  data  were  compared  with  calculations  based  on  a 
relativistic  NFS  central  potential  model  and  with  previously  tabulated  data. 


INTRODUCTION 

Experimental  data  Is  needed  to  understand  theoreti¬ 
cal  predictions  for  photoexcitation  and  photoionization 
of  uranium.  The  theory  of  photoeffect  above  10  keV  has 
^en  reviewed  by  Pratt  et  al.  (1)  and  at  lower  energies 
by  Fano  and  Cooper.  (2)  The  major  tabulations  of  theo¬ 
retical  cross  sections  are  due  to  Scofield,  (3)  to 
Storm  and  Israel  (4)  and  to  Velgele.  (5) 

Verification  of  theory  by  experiment  for  uranium 
has  not  been  possible  below  10  keV.  There  are  no  meas¬ 
urements  from  .8  to3.1  keV  as  shown  In  Figure  1.(6) 
Measurement  differences  are  nearly  80%  at  3.8  keV  (7  8) 
a^  more  than  40%  at  9.0  keV.  (9,10)  These  discrepan¬ 
cies  have  forced  authors  of  compilations  which  synthe¬ 
size  theory  and  experiment  to  contend  with  large  uncer¬ 
tainties  for  uranium.  (Sjll-lJ) 
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It  Is  particularly  Important  to  understand  devia¬ 
tions  from  the  generally  used  single-electron  central- 
potential  approximation.  The  deviations  are  due  to  ex¬ 
change  a*^d  correlation  effects;  the  influence  of  the 
atomic  environment;  solid-state  structure  and  bonding. 
Actinides  have  special  properties  that  are  due  to  the 
partially  filled  5f  shell.  Their  6d  and  7s  electrons 
form  the  conduction  band  In  the  metal  whose  energy  Is 
close  to  the  5f  binding  energy.  In  order  to  under¬ 
stand  the  behavior  of  the  5f  electrons,  their  degree 
of  localization  must  be  determined.  (14)  Band  struc¬ 
tures  have  been  developed  to  explain  the  electronic 
properties  of  the  actinide  metals.  (15)  Relativistic 
Hartree-Foch-Slater  (NFS)  models  have  been  used  to  cal¬ 
culate  oscll  lator  strengths  for  the  3d5/2  -  5f  and 
Zd-  -  5f  transitions.  (3,16-19) 

Measurements  of  emission  and  absorption  spectra 
show  prominent  resonance  lines  (14,20)  at  energies  close 
to  the  M5  and  M4  edge  energies.  (21)  These  energies  are 
given  In  Table  1.  They  are  compared  with  measurements 
discussed  In  this  summary  paper. 

Table  1.  Resonance  absorption  line  energies  and 
related  M  edge  energies  (keV)  for  photoexcitation 
of  o-uranlum. 

Edge  Transition 
”5  3'‘5/?®^7/2 


M.  3d,,o-5fc,o  3.7276(21)  3.7254  (14,20) 

'  '  3.7287t 

3.728  (16) 

3.780  (19) 

tBased  on  3%  total  attenuation  measurements  by  Del 
Grande  and  Oliver. 

The  Lawrence  Livermore  National  Laboratory  de¬ 
veloped  a  technique  to  obtain  absolute- value  total 
attenuation  coefficients.  (22)  This  technique  was  ap¬ 
plied  to  uranium.  (11,23)  This  paper  reports  new  data 
which  extend  the  existing  measurement  region  to  Include 
0.844  to  3.000  keV.  It  gives  details  of  the  areas 
under  the  Mg  and  Mq  x-ray  absorption  peaks.  These 
areas  relate  to  oscillator  strengths  for  the  3d-5f 
bound-bound  transitions.  They  are  compared  with  recent 
calculations  (16,19).  Details  of  these  data  and  their 
Implications  are  discussed  here-ln. 

EXPERIMENTAL  PROCEDURE  AND  RESULTS 


3.5517  (21)  3.5512  (14,20) 
3.5554t 
3.547  (16) 
3.605  (19) 


Photon  energy  (keV)  Del  Grande  and  Oliver  measured  the  magnitude  and 

extended  range  of  x-ray  K-absorptlon  fine  structure 
for  transition  elements  Tl-Zn.  (22)  The  procedure  for 
Figure  1.  The  status  of  uranium  attenuation  coeffi-  obtaining  1%  total  attenuation  coefficients  at  selected 
dents  In  1971.  The  conversion  factor,  395.3,  reduces  energies  from  5  to  45  keV  was  discussed  In  detail.  A 

the  ordinate  scale  to  cmZ/g.  (From  reference  6.)  doub1e-Be-w1ndow  demountable-tube  x-ray  generator  by 


*Th1s  work  was  performed  under  the  auspices  of  the  U.S.  Department  of 
Energy  by  Lawrence  Livermore  Laboratory  under  contract  No.  W-7405-Eng-48. 
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*nd  Watts  was  used  in  conjunction  with  two  crys¬ 
tal  spectroneters.  Figure  2  shows  the  configuration 
for  one  of  the  spectrometers.  Figure  3  Is  a  block  dia¬ 
gram  of  the  electronic  system. 


g  X-ray  generator 

t  Multielement  target 

c  Soller  slit  collimators 

m  Monitor  assembly 

a  Absorber  foil 

d  Detector 

si,  s3  Scatter  slits 
s2  Defining  slit 

s4  Acceptance  slit 


Figure  2.  The  single  crystal  spectrometer. 

The  4  mm  line  focus  beam  had  a  narrow  'O.IS  nm) 
spread  at  the  crystal  irot  shown  on  the  schematic. 


Figure  3.  A  block  diagram  of  the  electronic  system. 


A  Ag  target  was  used  for  measurements  at  energ.es 
above  5  keV.  The  Impurities  In  the  target  provided  a 
convenient  way  to  align  the  spectrometer.  These  Impur¬ 
ities  (e.g.,  Fe,  Ni,  Cu  and  W)  were  assumed  to  have 
emission  line  energies  tabulated  by  Dr.  J.A.  Bearden. 
(24)  A  LiF  crystal  was  used  in  the  spectrometer.  The 
gas  used  in  the  flow  proportional  counter  was  P-10. 

Both  a  Mo  target  and  a  multielement  target  were 
used  for  measurements  at  energies  below  5  keV.  The 
multielement  target  had  10^  a  of  A1  vapor-deposited 
on  a  Cr  target  with  additional  Impurities  of  Nd  and  W. 
These  measurements  required  a  Siemens  vacuum  spectrom¬ 
eter  which  was  used  with  either  a  pyrolytic  graphite 
crystal,  a  lead  stearate  ''rystal  (provided  by  Dr. 
Burton  Henke)  or  a  KAP  crystal .  The  soft  x-ray  meas¬ 
urements  required  using  a  9  pm  Be  window  (coated  with 
formvar)  to  separate  the  x-ray  tube  from  the  spectrom¬ 
eter  chamber.  The  flow  proportional  counter  gas  was 
methane  at  ID  cm  H2O  above  atmospheric  pressure. 

Thin  free-standing  Be-U-Be  sandwich  foils  were 
vacuum  evaporated  by  the  Batelle  Coluntus  Laboratory. 
Sixteen  foils  were  prepared  at  a  given  time,  using  a 
precision  mask.  Some  foils  were  Be-only  foils.  They 
had  the  same  amount  of  Be  as  the  two  protective  layers 
of  Be,  each  about  42  pg/cm^.  The  Be-coatings  prevented 
the  U  sandwich  foils  from  oxidizing.  The  foils  were 


deposited  on  smooth  glass  substrates  and  floated  off 
the  substrates.  They  were  weighed.  Some  foils  were 
analyzed  for  Impurities  (from  the  releasing  agent) 
using  an  Ion  probe.  Other  foils  were  mounted  on  fil¬ 
ter-wheels  In  shock-proof  containers.  The  uranium  sam¬ 
ples  contained  about  125  pg/cm^  and  340  pg/cm^  of 
uranium.  Many  of  the  thin  foils  did  not  survive  both 
the  aircraft  vibrations  and  transporting  the  filter 
wheel  to  the  vacuum  spectrometer. 

Several  methods  were  used  to  estimate  the  uranium- 
content  of  the  sandwiches  (e.g.,  weights.  Ion  exchange 
calorimetry,  ultraviolet  fluorlmetry  and  controlled  po¬ 
tential  coulometry).  We  believe  the  accuracy  of  these 
results  to  be  between  10%  and  15%,  although  original 
estimates  were  5%.  (23) 

We  needed  to  reduce  the  measurement  uncertainties 
associated  with  determining  the  thin  sandwich  foil  uni¬ 
formity,  purity  and  thickness.  Hence,  we  took  more 
x-ray  measurements  using  thicker  rolled  foils.  These 
foils  had  average  weight  per  unit  areas  of  about 
34  mg/cm^.  Their  uranium  contents  and  uniformities 
were  known  to  within  1%.  Their  x-ray  transmissions 
were  recorded  at  8.000,  9.9615  and  15.000  keV.  The 
sturdiest  and  most  uniform  Be-U-Be  sandwich  foil  had 
no  evidence  of  damage  from  releasing  or  mounting. 
Hence,  this  foil  was  used  for  measurements  from  0.844 
to  6.000  keV.  It  was  calibrated  at  8.000  and  9.9615 
keV,  using  the  same  procedure  as  was  used  to  calibrate 
the  rolled  U  foils,  but  with  one  difference.  The 
Be-U-Be  sandwich  was  measured  relative  to  the  Be-only 
foil  which  had  been  deposited  at  the  same  deposition 
time.  The  uranium  content  of  the  sandwich  foil  was 
thus  determined  by  comparison  with  the  rolled  foils 
of  known  weight  per  unit  area.  It  was  384  pg/cm^ 
with  an  uncertainty  of  2%. 

Usually  two  or  more  measurements  consisting  of 
ten  pairs  (but  occasionally  up  to  twenty)  of  Be-U-Be 
followed  by  Be-only  measurement  periods,  provided  stan¬ 
dard  deviations  of  the  mean  error,  ranging  from  0,2  to 
2%.  These  measurements  were  followed  by  background 
measurements.  The  backgrounds  were  determined  using 
exit  slits  2*  26  on  both  sides  of  the  diffracted  beam. 
Corrections  for  backgrounds  were  typically  1  or  2%. 
Dead  time  corrections  were  less  than  1%.  Overall 
errors  were  3%  for  uranium  total  attenuation  coeffi¬ 
cients  at  energies  from  0.844  to  6.000  keV  In  Table  2. 
The  additional  data  from  8.000  to  40,000  keV  In  Table  2 
had  overall  errors  of  2%.  Most  of  these  data  were  re¬ 
ported  previously  in  Vol.  3  of  McMaster  et  al.  (11)  and 
as  reference  69DE1  in  Figure  1  (6). 

The  absolute  measurement  energies  of  continuum 
radiation  were  known  to  3  or  4  eV,  Uncertainties  were 
2  eV  relative  to  tabulated  emission  line  energies  for 
W(M).  Nd(L),  Mo(L),  Cr(K)  and  A1(K).  The  alignment 
was  done  in  first  or  second  order.  Multiple  orders 
were  separated  with  discriminators  on  the  multichannel 
analyzer.  Higher  order  radiations  did  not  affect  meas¬ 
urements  because  they  were  eliminated  by  reducing  the 
target  voltage  sufficiently. 

Previous  measurements  for  the  uranium  resonance 
absorption  lines  in  Figure  4  were  3  or  4  eV  lower  In 
excitation  voltage  energies  (14,20)  as  shown  in  Table  1. 
Also,  the  clean-surface  uranium  N  and  0  shell  binding 
energies  (25)  average  3  or  4  eV  lower  than  the  tabulated 
x-ray  values  (21).  Measurements  apparently  specify  the 
resonance  line  and  M-edge  energies  better  than  present 
theoretical  calculations  (16,19). 

Figure  4  shows  the  transitions  of  365/5  electrons 
to  5f7/2  vacancies  and  363/5  electrons  to  515/2  ''•can- 
cles.  The  M5  and  M4  edges  (dashed)  were  assumed  to  be 
symetrlc  about  their  tabulated  energies  (21)  with  the 
resolution  measured  at  the  M3  edge  which  did  not  have 
structure.  These  photoionization  data  were  subtracted 
from  the  total  photoexcitation  plus  photoionization 
peak  values  to  determine  the  areas  under  the  photoex¬ 
citation  resonance  lines.  These  areas  were  measured  to 
within  tl5%.  They  were  each  fit  to  a  Gaussian  with  a 
full  width  at  half  maximum  of  17.5  eV. 
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Table  2.  Uranium  attenuation  coefficients.  u(cm^/g)  at  energies  E(keV)  from  0.844  to  40.000  keV. 
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1  03 

104 

105 
1  06 
107 

106 
109 
1  10 
1  1  1 
1  12 
1  13 
I  1  4 

115 

116 
1  1  7 
1  16 
1  19 
1  20 
121 
t  22 
1  23 

124 

125 

126 
127 
126 
129 

too 

131 

132 

133 

134 

135 

136 

137 
136 

139 

140 


1 . 55746*00 
1 ,57006*00 
1 . 56006*00 
1  59006*00 
1 .60006*00 
1 . 62006*00 
1 . 64006*00 
1  .66006*00 
t .66006*00 


. 70006*00 
1 . 72006*00 

1  . 74006*00 
1 . 76006*00 
1 . 77546*00 
1 . 63496*00 
2.00006*00 
2.04006*00 

2  29326*00 
2.50006*00 
2 . 60006*00 
3.00006*00 
3. 20006*00 
3.50006*00 
3.51966*00 
3.52606*00 
3 . 53606*00 
3.54706*00 
3.55166*00 
3.55606*00 
3. 56106*00 
3.56506*00 
3.56906*00 
3.57406*00 
3. 57606*00 
3.56406*00 
3. 59406*00 
3. 60306*00 
3.61306*00 
3.62306*00 
3.63206*00 
3.64206*00 
3.65206*00 
3. 66206*00 
3.67206*00 
3.68206*00 
3.69206*00 

. 70206*00 
.71306*00 
. 72306*00 
. 73276*00 
. 74406*00 
. 75406*00 
. 76506*00 
. 77506*00 
. 76606*00 
. 79706*00 
. 60706*00 
. 61606*00 
. 82906*00 
3.64006*00 
3.65106*00 
3.86206*00 
3.67306*00 
3.66406*00 
3.69606*00 
3.90706*00 
3.91606*00 
3,93006*00 
3.94106*00 
3.95206*00 


3.25506*03 
3. 14006*03 
3.05306*03 
3 .01506*03 
3.02706*03 
3.00906*03 
2. 91506*03 
2.86106*03 
2. 62306*03 
2.71706*03 
2  63606*03 
2.56206*03 
2.55006*03 
2  47106*03 
2  26906*03 
1 . 90206*03 
. 60306*03 
.36106*03 
. 15606*03 
. 67206*02 
32906*02 
. 35906*02 
.00306*02 
69606*02 
01906*02 
65506*02 
. 24306*03 
95306*03 
. 10706*03 
. 94906*03 
. 58006*03 
.  1  1 806*03 
. 07406*03 
. 06706*03 
. 06406*03 
.  06206*03 
1  05106*03 
1 . 02406*03 
1  04006*03 
1  03106*03 
1 . 04006*03 
1  00306*03 
9. 96406*02 
9  96206*02 
9. 74406*02 
9. 60306*02 
9  41606*02 
1 . 06306*03 
1 . 70906*03 
1 . 86406*03 
1 . 43906*03 
1  36106*03 
1  36506*03 

\ . 34306*03 
I . 33706*03 
1 . 33406*03 
1 . 35606*03 
1 . 32606*03 
1 . 29706*03 
1 . 29906*03 
1 . 29906*03 
1 . 27606*03 
1  .27106*03 
I . 25406*03 
1 . 26306*03 
1 .25106*03 
1 . 24006*03 
1 . 24506*03 
. 25306*03 
?3006*03 


1 

1 

6 

7 

6. 

5. 

4 

5 
5 
1 
1 

2. 
1  , 
1 
1 
1 
1 
1 


1  . 


141 
1  42 
1  43 
1  44 

145 
I  46 
1  <*7 
1  40 
1  49 

150 

151 

152 

153 

154 

155 

156 

157 
156 
159 
1  60 
161 
162 
1  63 
1  64 
I  65 
166 
1  67 
1  66 
169 
1  70 

171 

172 
1  73 
1  7-' 

1  75 
1  76 
1  77 
176 
1  79 
1  60 
161 
162 
1  63 
1  84 
165 
1  66 
167 
1  66 
189 
1  90 
191 
1  92 

193 

194 
I  95 

196 

197 
196 

199 

200 
201 
202 

203 

204 

205 

206 
207 
206 

209 

210 


^  96406*00 
3  9/506*00 

3  96706*00 

4  00006*00 
4 . 02506*00 
4 . 04406*00 

06406*00 
06306*00 
10306*00 
12206*00 
14106*00 
16106*00 
16006*00 
20006*00 
21006*00 
22006*00 
24006*00 
26006*00 
27006*00 
26006*00 
29006*00 
^  30006*00 
4  31006*00 
4  32006*00 
4  33006*00 
4.3400E*0D 
4  35006*00 
4 . 36006*00 
4. 3700E*00 
36006*00 
39006*00 
40006*00 
41006*00 
00006*00 
11606*00 
41476*00 
5.94676*00 
6  00006*00 
6 . 00006*00 
9. 96196*00 
00006*01 
50006*01 
70006*01 
70606*01 
72306*01 
72606*01 
73806*01 
60006*01 
00006*01 
2.06406*01 
2.06606*01 
2  09606*01 
2. 10006*01 
2. 10606*01 
2.11 406*01 
2. 12506*01 
2. ) 3606*01 
2. 14606*01 
2. 15906*01 
2. 1600E*01 
2. 16306*01 
2.  I  7806*01 
2  16506*01 
2.20006*01 
2.21306*01 
2.49426*01 
2.50006*01 
3.00006*01 
3. 50006*01 


4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4  . 

4  . 

4  . 


1  23606*03 
1  21506*03 
1  20606*03 
1  1 9606*03 

1  17606*03 
1  16006*03 

1  15506*03 
1  13606*03 

1  1  3606*03 

1 . 1 2606*03 
1  14106*03 

1  11706*03 

1  . 06606*03 
1 . 06606*03 
I . 07906*03 
1  07506*03 
1  06706*03 
1  05606*03 
1  07106*03 
1 . 05206*03 
1  06106*03 
1 . 09106*03 
1  15206*03 

1  19406*03 

1  19506*03 

1  18506*03 
1  16606*03 
1  18006*03 

1 . 17106*03 
1 . 1 4906*03 
1 . 16006*03 
1 . 16406*03 
1 . 14406*03 
6.47406*02 
6.03606*02 
7.43306*02 
6. 17306*02 
6,05706*02 
3.02606*02 
1 . 62506*02 
1 . 60606*02 
6.36706*01 
4.53106*01 
4.54206*01 
9.  64906*01 
9  92106*01 
1  00306*02 
9. 24206*01 
6  96406*01 
6  42906*01 
6.46606*01 
6. 16906*01 
6. 36606*01 
8.40206*01 
6  47406*01 
6.40606*01 
6.20606*01 
6  13306*01 
6  1 3006*01 
8.08406*01 
0.03106*01 
6  96906*01 
8  87806*01 
6  68406*01 
6  75606*01 
8  51706*01 
6.45906*01 
4  08006*01 
2, 70806*01 
1  94906*01 


The  relationship  of  vlcn^/g)  to  the  oscillator 
strength  per  keV,  df/dE,  is  a  constant  equal  to  277.81 
n-1  keV.  The  measured  oscillator  strengths  were 
0.084  +  0.013  for  Me  and  0.050  t  0.008  for  M^ 
bound-bound  transitions. 


2000 
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1500 

1000 
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Oscillator  strengths 

0.084  1 0.013  (nwai) 

0 

0.110  (Scofield, 1981) 

‘  ^ 

3.5 

3.6  3.7 

3.8  3.9 

3.5554  (peak  energy) 


I 

3.7287  (peak  energy) 


Two  relativistic  HFS  calculations  were  made  to  de¬ 
termine  the  Me  and  Mg  photoexcitation  oscillator 
strengths (16, i9)  One  used  the  Dirac  equation  to  calcu¬ 
late  wave  functions  (16). The  other  used  the  Schroedinger 
equation  with  the  Pauli  approximation  to  account  for 
relativistic  effects  (19).  The  differences  shown  in 
Figure  4  were  about  8*.  The  theoretical  values  were 
about  twice  the  measurement  values.  This  suggests  that 
the  5f  states  are  non- localized.  Part  of  the  bound- 
bound  transitions  may  go  to  the  continuum  states  (i.e., 
photoionization,  in  contrast  to  photoexcitation).  This 
would  explain  the  unusually  high  logarithmic  slope  for 
the  photoeffect  versus  energy  relationship  above  the 
M,  edge  as  shown  in  Table  3. 

°  Figure  5  indicates  that  there  is  good  qualita¬ 
tive  agreenent  between  theory  and  experiment  for  the 
photoexcitation  peaks.  Since  the  theoretical  calcu¬ 
lation  did  not  determine  the  resonance  line  energies 
precisely,  they  were  shifted  to  line  up  with  the  meas¬ 
urements.  Also,  the  calculations  were  folded  with  a 
Gaussion  which  had  a  full  width  at  half  maximum  of 
15  eV. 


Figure  4.  Measured  photoexcitation  of  3d  electrons  to 
vacancies  in  the  partially  filled  5f  states. 
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Table  3.  Log  p  versus  log  E  linear  and  quadratic  regression  fits  to 
3%  measurements  of  uranium  attenuation  coefficients,  Pp  (cm  vg)  compared 
with  theory  (3)  and  compilations  (11,12). _  _  _ 


Energy 

Log^  Fit  (Efficients'’ 

AFiE-) 

Percent  iif  is  above  other  p  values 

Edge 

keV* 

Jump 

•o 

*2 

cm^/g 

cm*/g 

Scofield 

1973  McMaster  et  al')  1969  Henke  &  Ebisuri974 

near  E* 

near  E'*’ 

near  E~ 

near  E^ 

near  E~ 

near  E^ 

Ns 

1.0449 

1.048 

8.788 

-1.231 

6208 

6509 

1.3 

-0.1 

-10.8 

-6.5 

2.4 

Nj 

1.2726 

1.009 

8.856 

-1.700 

4655 

4695 

2.8 

2.3 

5.5 

6.4 

-3.8 

N, 

1.4408 

1.001 

8.884 

-1.783 

3763 

3765 

4.5 

2.6 

10.8 

8.4 

-7.1 

Ms 

3.5517 

2.299 

8.903 

-1.707 

-0.3466 

484.3 

1111 

-7.9 

-12.2 

-7.0 

1.9 

M* 

3.7276 

1.478 

11.566 

-3.593 

933.7 

1380 

-16.2 

-12.8 

-3.2 

5.5 

Mj 

4.303 

1.167 

9.830 

-1.976 

1039 

1213 

-6.6 

-6.0 

14.5 

-0.6 

M; 

5.182 

1.058 

10.572 

-2.378 

779.6 

824.6 

-4.1 

-4.2 

2.4 

-4.7 

M, 

5.548 

1.024 

10.554 

-2.333 

703.3 

720.1 

-3.4 

-5.1 

-3.2 

-8.1 

L3 

17.1663 

2.329 

9.842 

-1.566 

-0.1972 

44.49 

103.6 

-4.7 

-3.2 

-3.1 

3.1 

^2 

20.9476 

1.372 

11.752 

-2.501 

62.94 

86.33 

-0.1 

-2.3 

1.9 

0.3 

Li 

21.7574 

1.158 

11.170 

-2.206 

79.40 

91.98 

-1.1 

-0.4 

1.4 

1.7 

“Fror 

n  J.A.  Bearden  and 

A.F.  Burr 

Rev.  Me 

d  -  Phys. 

39,125(1967) 

^Fit  parameters  for  174  data  values  with  2%  or  better  precision  and  0.4%  or  better  standard  errors  of  the  mean  (avoiding  structure 

regions).  Fit  parameters  apply  to  energy  region  below  edge  energy. 

Energy  in  keV 


Figure  5.  Comparison  of  3X  experimental  data,  adjusted 
theoretical  data  (19)  and  compiled  uranium  attenuation 
coefficients  which  ignore  structure  (13)  near  the  He 
and  edges  of  uranium.  ^ 


log  of  attenuation  coefficients  versus  log  of  energy 
fits  are  given  in  Table  3.  ® 


NEW  DATA  CONPARED  WITH  OTHER  RESULTS 

The  31  uranium  attenuation  coefficients  near  the 
^and  M.  edges  are  significantly  different  from 
theory  (19)  and  compilation  values  (13).  The  percen¬ 
tage  differences  of  the  measurements  from  other  re¬ 
sults  are  shown  in  Figure  6.  Apart  from  the  M-edge 
region,  differences  are  shown  in  Figure  7,  Figure  8 
and  Figure  9.  Percent  differences  relative  to  smooth 


Figure  6.  Comparison  of  uranium  experimental  data 
with  adjusted  theoretical  data  (19)  and  compiled 
data  (13)  for  nhotoionization  near  photoexcitation 
peak  energies. 
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Figure  7.  Uranium  attenuation  coefficients. 


Energy  in  keV 


Figure  8.  Uranium  attenuation  coefficients. 

Jumps  were  measured  at  three  N  edges,  five  M  edges 
and  three  L  edges  based  on  log  -log  linear  and  quadra¬ 
tic  regression  fits  to  the  strQcturiless  data  between 
edges.  The  data  minus  fit  differences  averaged  about 
O.OX.  The  standard  deviations  of  the  mean  error  were 
0.4S  or  less.  The  standard  deviation  of  individual 
data  values  from  the  smooth  fit  values,  outside  of  re¬ 
gions  with  structure,  were  2S  or  less.  In  one  instance, 
the  and  M,  edge  Jumps  were  based  on  smooth  fit  param- 
eters^above  the  M,  edge,  and  below  the  M,  edge,  extended 
to  the  Cr  Ite,  emission  line  energy  at  5.4147  keV.  These 
Jumps  produced  simulated  data  values  at  the  n,  and  M. 
edges,  although  there  was  only  one  measured  value  be¬ 
tween  these  edges.  Data  elsewhere  were  numerous  between 
edges  as  shown  in  Table  2. 

CONCLUSION 

New  3S  uranium  total  attenuation  coefficient  data 
extends  the  measurement  region  to  include  0.844  to  3.000 
keV.  Agreement  with  relativistic  NFS  calculations  (3) 
is  typically  1-4X  apart  from  the  M  edge  region.  The 


Figure  9.  Comparison  of  uranium  experimental  data 
with  compiled  data  (13)  for  the  attenuation  coeffi¬ 
cient  from  0.84  to  8.0  keV. 


photoionization  data  are  3-16X  lower  than  theory,  from 
3.5  to  5.5  keV  (between  the  M  edges)  when  photoexcita¬ 
tion  is  ignored. 

Measured  oscillator  strengths  were  about  half  the 
predicted  values  based  on  two  calculations  (16,19). 

This  suggests  that  the  5f  unoccupied  states  are  in  part 
non-localized. 
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Epoxy  Replication  for  Wolter  X-Ray  Hlcroscope  Fabrication 
W.  Prledhorsky 

liOa  Alamos  National  Laboratory,  P.O.  Box  1663,  HS  410,  Los  Alamos,  NM  F7545 

ABSTRACT 

An  epoxy  replica  of  a  test  piece  designed  to  simulate  a  Wolter  x-ray  microscope  geometry 
showed  no  loss  of  x-ray  reflectivity  or  resolution,  compared  to  the  original.  The  test  piece 
was  a  d iamond-turned  cone  with  1.5°  half  angle.  A  flat  was  fly-cut  on  one  side,  then  super-  and 
conventionally  polished.  The  replica  was  separated  at  the  1.5°-draft  angle,  simulating  a 
shallow  angle  Wolter  microscope  geometry.  A  test  with  B.34  A  x  rays  at  0.9°  grazing  angle 
showed  a  reflectivity  of  67*  for  the  replica  flat  surface,  and  70*  for  the  original.  No  spread 
of  the  reflected  beam  was  observed  with  a  20-arc  second  wide  test  beam.  This  test  verifies  the 
epoxy  replication  technique  for  production  of  Wolter  x-ray  microscopes. 


INTRODUCTION 

Wolter  x-ray  microscopes  are  often  the  imaging 
diagnostic  of  choice  for  laser  fusion  applications. 

They  can  provide  micron-scale  resolution,  and 
collection  solid  angles  of  order  10“^  sterradian ,( 1-2) 
unlike  pinhole  cameras  and  Kirkpatrick-Baez  x-ray 
microscopes.(3)  A  true  image  is  formed  by  a  Wolter 
microscope.  This  image  can  be  time  resolved  by  a 
streak  camera(4);  time  resolution  is  more  difficult 
for  images  that  must  be  reconstructed,  such  as  frcm 
uniformly  redundant  arrays(5)  or  zone  plate  apert- 
ures(6).  Wolter  microscopes  have  proved  difficult  to 
fabricate,  with  typical  production  costs  of  >$10^.  The 
near— target  environment  in  a  laser-fusion  target 
chamber  is  not  ideal  for  expensive  optics.  Target 
debris  and  radiation  can  damage  the  high-quality  x-ray 
reflective  surfaces.  A  large  advantage  would  therefore 
accrue  from  the  production  of  several  x-ray  optical 
elements  from  a  single  master. 

EXPERIMENT 

We  report  a  test  of  epoxy  replication  that 
demonstrates  essentially  perfect  replication  in  a 
grazing  angle  conical  geometry.  This  technique  may  be 
applied  to  the  "mass"  production  of  Wolter  microscopes. 

Our  test  piece  for  replication  is  shown  in  Fig.  1. 
The  "flat  cone"  mandrel  was  produced  by  diamond  turning 
and  conventional  polishing.  It  is  a  frustum  of  a  cone, 
25  mm  high  and  20  mm  in  diameter  at  the  narrow  end. 

The  cone  half  angle  is  1.5°.  A  flat  section  3  mm  wide 
was  fly  cut  parallel  to  the  side  of  the  cone.  The  sub¬ 
strate  was  aluninun,  plated  with  electroless  nickel  for 
diamond  turning.  The  flat  was  polished  and  super- 
polished  to  provide  a  low-scatter  finish.  The  central 
halfwidth  of  the  flat  was  specified  flat  to  ±  5  arc 
seconds.  This  design  was  chosen  to  provide  a  flat 
surface  that  can  be  easily  tested  for  x-ray  reflect¬ 
ivity  and  scatter,  superposed  on  quasi-  axl-symmetrlc 
geometry.  Problems  associated  with  separating  a 
replica  at  a  grazing  angle  should  be  apparent  in  the 
replica  of  the  flat  sector. 

A  replica  of  the  test  mandrel  was  produced  using  a 
standard  epoxy  technique,  by  Mr.  Bernhard  Bach  of  Hy- 
perflne,  Inc. (7)  The  nickel  mandrel  was  evaporatively 
coated  with  approximately  2000  A  of  nickel.  A 
conventionally  machined  replica  substrate  was  coated 
with  epoxy,  and  mated  to  the  mandrel.  The  epoxy  layer 
was  approximately  50  pm  thick,  but,  since  the  replica 
substrate  had  no  flat,  the  epoxy  thickened  to  125  \IK  at 
the  flat  section.  The  epoxy  was  cured  at  50°C,  When 
the  assembly  was  cooled  to  room  temperature,  the 
mandrel  and  replica  were  separated  mechanically.  No 
problems  were  encountered  in  separation. 

The  mandrel  and  replica  flats  were  tested  with  a 
collimated  fan  beam  of  8.34  A  x-rays.  The  test  ap¬ 
paratus  is  shown  in  Fig.  2.  TWo  adjustable  slits  col¬ 
limate  the  x-ray  emission  from  a  Henke-type  x-ray  tube. 
The  slit  spacing  of  14  pm  is  chosen  to  minimize  the 
angular  spread  of  the  emergent  beam;  this  width  is  a 
compromise  between  geometric  and  diffraction  spreading. 


The  sample  to  be  tested  is  mounted  on  a  stage,  which 
can  be  rotated,  and  moved  in  and  out  of  the  beam.  The 
detector  is  film  or  a  proportional  counter,  and  is 
mounted  on  a  XYZ  mount  to  scan  the  reflected  beam. 

RESULTS 

The  proportional  counter  was  used  for  a  quanti¬ 
tative  measurement  of  x-ray  reflectivity.  Counter 
acceptance  was  defined  by  a  0.51-mm  pinhole,  which 
corresponds  to  an  angular  resolution  of  3.5  arc-min. 


Fig.  1.  Sketch  of  the  "flat  cone"  test  mandrel.  The 
test  surface  is  a  flat  on  the  side  of  1.5°  half-angle 
cone. 


Fig.  2.  Plan  view  of  the  x-ray  test  assembly  (not  to 
scale) . 
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X-ray  scattering  from  imperfect  surfaces  typically 
occurs  at  angles  of  ±1-10  arc-min.(8-10)  Much  of  the 
scattered  flux  will  thus  fall  outside  the  acceptance  of 
the  pinhole,  so  that  the  existence  of  wings  in  a 
horizontal  scan  of  the  reflected  image  indicates 
surface  roughness.  Figure  3  shows  horizontal  scans 
across  the  direct  beam,  and  the  reflected  beams  from 
the  flat  section  on  the  mandrel  and  replica.  The 
grazing  angle  was  0.92°.  The  scans  from  the  two 
reflected  beams  are  very  similar.  Little  energy  is 
scattered  into  the  wings  by  the  mandrel ,  and  the 
replica  reproduces  this  good  performance.  The  specular 
reflectivity  was  determined  from  the  ratio  of  the  peak 
intensities.  Measurements  at  a  series  of  vertical 
positions  were  taken  to  average  over  vertical  vari¬ 
ations  in  the  intensity  of  the  Henke  tube,  projected 
through  the  slits.  Errors  in  the  peak  reflectivities 
are  determined  from  the  scatter  of  the  ratio  of  the 
direct  and  reflected  beams  at  the  different  vertical 
positions.  The  peak  reflectivity  of  the  mandrel  at 
8. S'*  A  and  0.92°  was  0.700  ±  0.022  (1o);  the  reflect¬ 
ivity  of  the  replica  was  0.668  ±  0.019.  The  calculated 
reflectivity  of  nickel  at  the  same  wavelength  and  angle 
is  0.76.  Both  surfaces  are  thus  very  good,  and  there 
is  no  significant  degradation  of  the  reflectivity  of 
the  replica. 

The  width  of  the  specular  peak  in  the  proportional 
counter  scans  is  determined  by  the  pinhole  diameter. 

No  widening  of  this  peak  is  observed,  as  might  be 
caused  by  distortion  of  the  surface  figure  in  manufac¬ 
ture  or  replication.  To  look  with  greater  sensitivity 
for  such  an  effect,  high  resolution  images  of  the 
direct-  and  replica-reflected  beam  were  taken  on  2997 
film.  In  this  case,  the  angular  resolution  of  the  test 
was  set  by  the  divergence  of  the  test  beam.  Fig.  9 
shows  density  scans  of  the  direct  and  replica  reflected 
image.  There  is  no  broadening  of  the  FWHM  of  the 
reflected  beam,  which  indicates  arc-second  fidelity  of 
the  surface  flatness  in  replication. 

Measurement  of  a  flat  surface  replicated  in  a 

I, 5°  grazing  incidence  geometry  shows  a  low-scatter, 
flat  replica  surface.  The  epoxy  replication  technique 
thus  offers  an  inexpensive  technique  of  reproducing 
Wolter  geometry  x-ray  microscopes.  This  result 
corroborates  tests  of  replication,  at  a  much  larger 
scale,  for  Wolter  x-ray  telescope  fabrloation.(ll) 
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Fig.  3.  Horizontal  proportional  counter  scans  of  the 
direct  and  reflected  beams.  The  x-ray  wavelength  was 
8.39  A;  grazing  angle  was  0.92°. 


Fig.  9.  Densitometer  trace  of  the  direct-  and 
replica-reflected  beams. 


334 


Crossed-Crystsl  Imaging  of  X-ray  Sourcea 
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ABSTRACT 

Two  separate  diffractors  are  employed  in  a  crossed  configuration  to  achieve  two-dimen¬ 
sional  spectral  imaging.  The  crossed  crystal  concept  is  here  generalized  to  apply  to  either 
Bragg  _case  (surface)  or  Laue  case  (transmission)  diffractors  which  may  undergo  either  sym¬ 
metric  or  asymmetric  diffraction,  and  which  may  be  crystals,  pseudocrystals,  or  multilayers, 
and  may  be  flat  or  curved.  The  crossed  crystal  spectrograph  offers  wide  selection  of  2d 
spacings,  crystal  R  values,  resolutions,  polarization  losses,  wavelengths,  and  magnifications. 


INTRODUCTION 

X-ray  Imaging  is  an  important  capability  to  apply 
to  the  diagnosing  of  high  temperature  plasmas.  The  most 
significant  characteristics  of  a  two  dimensional  x-ray 
imaging  system  for  these  experiments  are  spatial  resolu¬ 
tion,  sensitivity,  and  spectral  resolution.  This  paper 
considers  crystal  optics  for  spectral  resolution. 

There  are  three  main  techniques  for  obtaining 
spatial  resolution  with  crystals.  The  first  two 
techniques,  interposing  a  mask,  e.g.  a  slit  or  a 
pinhole,  into  the  optical  path,  and  curving  the  crystal, 
have  found  use  in  either  or  both  spatial  dimensions. 

The  third  technique  for  spatial  resolution,  dispersion, 
is  a  direct  result  of  the  narrow  spread  of  angles  to 
which  highly  perfect  crystals  can  diffract  a  mono¬ 
chromatic  beam. 

The  three  crystal  imaging  techniques  have  been 
applied  by  various  workers  in  several  ways,  as  outlined 
in  Table  I.  Figures  adapted  from  papers  cited  in  the 
table  have  been  reproduced  in  Fig.  T.  Previous  single 
crystal  x-ray  spectrographs  have  provided  one  dimension 
of  spectral  resolution  due  to  the  narrow  rocking  curves 
of  the  crystals  employed  (1).  A  second  dimension  of 
spatial  resolution  has  been  achieved  by  the  use  of  a 
"crossed"  slit  with  a  single  flat  or  convex  curved 
crystal  (2),  crystal  curvature  (3,4,5),  double  reflec¬ 
tions  from  appropriately  oriented  planes  in  a  single 
flat  crystal  (6),  and  a  crossed  flat  crystal  arrangement 
using  asymmetric  diffraction  to  obtain  magnification 
(7,8).  It  is  possible  to  apply  two  techniques  to 
the  same  spatial  dimension,  as  in  the  work  of  Azechi,  et 
al.,  (9)  (masking  with  a  pinhole  in  the  dispersion 
direction)  and  as  with  a  doubly  curved  crystal  (4,5). 

BACKGROUND 

The  two  spatial  dimensions  in  an  image  formed 
with  crystal  optics  will  be  represented  by  reference  to 
the  crystal's  effect  on  the  image.  The  direction  in 
which  dispersion  of  x-ray  wavelengths  takes  place  is 

SPATIAL  DIMENSIONS  COMMENTS,  REFERENCE 

X  Y 

A.  SLIT  SLIT  Pinhole  optics  with 

flat  crystal  and  a 
polychromatic  source  (9) 

B.  DISPERSION  NONE  Flat  crystal  (1) 

C.  DISPERSION  SLIT  Slit  with  flat  or 

convex  crystal  (2) 

D.  DISPERSION  CURVATURE  Cylindrical  curvature  (3) 

E.  OISPERISON  DISPERSION  Asymmetrically  diffract¬ 

ing  crossed  crystals  (8) 

F.  DISPERSION  DISPERSION  Single  crystal,  double 

diffraction  (6) 

G.  CURVATURE  CURVATURE  Applicable  only  to 

one  wavelength  (4,5) 

Table  1.  A  summary  of  past  approaches  to  the  use  of 
Bragg  diffractors  for  spatial  resolution  of  x-ray 
sources,  with  representative  references. 


referred  to  as  the  dispersion  direction,  while  the 
orthogonal  direction  is  called  the  fanning  direction. 

The  relationship  between  dispersion  and  spatial 
resolution  can  be  understood  by  considering  the  basic 
geometry  which  applies  to  x-ray  diffraction  for  flat 
crystals.  In  Fig.  2,  two  monochromatic  point  sources 
are  depicted  as  radiating  isotropically  above  a  large 
planar  crystal.  Although  the  radiation  is  emitted 
isotropically,  only  those  photons  which  strike  the 
crystal  at  the  angle  e  (within  some  tolerance) 
will  diffract  from  the  crystal,  according  to  the  Bragg 
equation.  These  photons  all  left  the  source  at  an 

angle  90°-e  to  the  normal  to  the  plane,  forming  a 
conical  surface,  as  drawn  in  Fig. 2.  (For  simplicity's 
sake,  the  diffracted  rays  are  not  all  shown  subsequent 
to  their  reaching  the  crystal  plane.)  The  locus  of 
diffracting  points  in  the  crystal  plane  is  a  circle 
(for  a  sufficiently  large  crystal).  The  dispersion 
direction  extends  radially  outward  from  the  center  of 
the  circle,  while  the  fanning  direction  is  along  the 
circle.  Since  the  circle  represents  an  isotropically 


F iqure  1 .  Previous  arrangements  for  obtaining  spatial 
resolution  with  crystal  spectrographs.  The  reference 
letters  (a)-(e)  correspond  with  those  in  Table  I. 

The  x-ray  sources  in  (a)  and  (b)  were  laser-produced 
plasmas;  in  (c),  an  electric  discharge. 
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(a)  (b)  (c) 


Crystal 

W(sec) 

P(S) 

K(rad) 

Calcite  (cleaved  and  etched) 

14 

45 

4x10" 

LiF  (cleaved) 

14 

40 

3x10' 

Lif  (abraded) 

12U 

50 

4x10" 

Quartz  (ground  and  etched) 

20 

30 

3x10' 

EUUT  (sawed  and  etched) 

215 

20 

2x10" 

KAP  (cleaved) 

70 

13 

5x10' 

Graphite  (hot  pressed) 

1U0U 

30 

3x1  o' 

Kiqure  2.  Schematic  of  the  use  of  x-ray  dispersion  to 
obtain  one  dimension  of  spatial  resolution  with  a  flat 
crystal.  Monochromatic  point  sources  at  (a)  and  (b)  are 
resolved  as  separate  arcs  of  diffracted  radiation  by  a 
detector  placed  at  (c).  Every  source  (a)  of  emitted 
rays  has  a  virtual  focus  (a')  of  diffracted  rays. 


radiating  point  source  with  no  spatial  structure,  there 
is  no  spatial  resolution  to  be  obtained  along  the 
circle,  i.e.  along  the  fanning  direction.  (For  aniso- 
tropically  radiating  point  sources,  angular  structure 
can  still  be  resolved  in  the  fanning  direction.) 

If  two  distinct  point  sources  of  the  same  wave¬ 
length  are  present,  drawn  as  in  (a)  and  (b)  of  Fig. 2, 
each  has  a  different  acceptance  cone  and  a  different 
circular  locus  of  diffracting  points.  By  placing  an 
x-ray  film  at  (c),  as  in  Fig. 2,  two  arcs  of  x-ray 
exposure  will  be  recorded,  indicating  that  the  two 
point  sources  have  been  resolved  at  the  detector,  but 
that  the  image  of  a  point  is  an  arc. 

For  sufficiently  small,  but  finite,  sources,  the 
arcs  from  different  source  points  within  the  finite 
source  will  be  nearly  parallel.  Then  source  points 
which  are  at  different  locations  along  the  dispersion 
direction,  as  seen  in  the  Image,  may  be  resolvable, 
while  the  diffraction  from  source  points,  which  are  at 
the  same  location  in  the  dispersion  direction  but  are  at 
different  locations  in  the  fanning  direction,  will 
overlap  and  so  not  be  resolvable.  For  a  small  source, 
then,  the  spatial  resolution  is  obtained  in  the  disper¬ 
sion  direction  but  not  in  the  fanning  direction.  For 
large  sources,  so  much  overlap  of  arcs  occurs  in  the 
case  of  an  unmodified,  flat  crystal  as  to  be  of  little 
interest  for  imaging. 

Of  course,  using  the  disp  jion  direction  for 
spatial  resolution  suffers  from  the  potential  complica¬ 
tion  that  images  of  different  wavelength  photons  may 
overlap. 

The  spatial  resolution  of  a  flat  crystal  in  the 
dispersion  direction  is  primarily  determined  by  the 
angular  width  W  of  the  crystal's  rocking  curve  and  by 
the  placement  of  the  detector.  The  rocking  curve  is  a 
plot  of  the  intensity  of  diffracted  monochromatic 
radiation  versus  Bragg  angle.  Typical  widths  of  crystal 
rocking  curves  are  given  in  Table  IIj  they  vary  with 
crystal  type  and  plane,  and  also  with  wavelength  and 
order  of  diffraction  (10).  For  superior  spatial  resolu¬ 
tion,  one  prefers  a  small  value  of  W  and  short  distances 
of  observation.  For  1.5  kev  radiation,  for  example,  one 


Table  II.  Diffration  properties  of  a  few  common 
crystals,  measured  at  Cu  Ko  (except  KAP,  which  was 
measured  at  A1  Ka),  from  Birks  (12). 

would  expect  better  than  10  micron  resolution  for  a  flat 
KAP  crystal,  if  the  source  to  detector  distance  is 
kept  below  2  or  3  cm. 

The  diffracted  intensity  from  a  crystal  is  express¬ 
ed  as  an  integral  reflection  coefficient  (11,12) 
or  R  value,  which  varies  with  crystal  plane,  wavelength, 
diffraction  order,  and  crystal  shape.  For  purposes  of 
rough  estimates,  the  flat  crystal  may  be  considered  as 
having  an  acceptance  angle  W  radians  in  the  dispersion 
direction,  and  a  diffracted  peak  relative  intensity  of 
P  (dimensionless).  The  product  of  the  angular  width  W 
(in  radians)  and  the  peak  reflectivity  P  should  be 
comparable  with  R  (in  radians),  as  can  be  verified  from 
Table  II. 

Since  different  source  points  diffract  from 
different  portions  of  the  crystal,  it  is  important  that 
the  crystal  be  highly  perfect.  A  sample  spectrum  from 
a  laser-produced  plasma,  taken  with  an  abraded  and 
etched  LiF  crystal,  is  shown  in  Fig. 3.  While  abrading 
and  etching  does  increase  the  total  reflectivity  (the  R 
value)  of  LiF,  and  therefore  the  signal  level,  it  does 
so  at  the  expense  of  introducing  large  numbers  of 
dislocations  into  the  crystal,  making  its  structure 
highly  mosaic  and  unsuitable  for  good  spatial  reso¬ 
lution  (13). 
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Figure  3.  Example  of  the  deleterious  effect  which 
crystal  imperfections  can  have  on  imaging.  A  perfect 
crystal  would  have  produced  lines  of  uniform  blackening 
in  the  fanning  direction,  i.e.  along  the  lines. 


CROSSEO-CRYSTAL  IMAGING 

The  configuration  presented  in  this  paper  employs 
crossed  crystals  and  diffracted  x  rays  in  a  manner  which 
is  conceptually  analagous  to  the  Kirkpatrick-Baez 
crossed  mirror  configuration  using  x  rays  reflected  in 
grazing  incidence  (14).  The  same  principles  which  apply 
to  crossed  crystals  apply  also  to  other  crossed  Bragg 
x-ray  dif Tractors,  such  as  Langmuir-Blodgett  pseudo- 
crystals  or  other  synthetic  multilayers.  One  crystal 
views  the  source  and  provides  spatial  resolution  in  its 
dispersion  dimension  only,  and  the  second  crystal  views 


the  diffracted  rays  from  the  first  crystal;  but  the 
second  crystal  here  is  to  be  oriented  so  that  its 
dispersion  dimension,  as  seen  at  the  image,  is  at  an 
angle  to  that  of  the  first  crystal.  Thus,  the  disper¬ 
sion  dimensions  of  the  two  crystals,  each  having  one 
dimension  of  spatial  resolution,  are  crossed  to  achieve 
two  dimensional  imaging,  as  shown  for  planar  crystals  in 
Fig. 4. 


FLAT  CRYSTALS 


The  crossed  flat  crystals  may  be  replaced  with  two 
singly  curved,  convex  crystal  planes,  as  shown  in 
Fig.S,  The  curved  crystals  behave  in  the  same  basic 
fashion  as  flat  crystals,  but  their  K,  W,  and  P  values 
may  change  as  a  function  of  curvature  (15).  Increas¬ 
ed  dispersion  results  from  the  convexity  of  the  dif¬ 
fracting  planes.  Also,  owing  to  the  curvature  of  the 
crystals,  their  positions,  both  with  respect  to  each 
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Figure  4.  Crossed,  flat-crystal  imaging  spectrograph, 
schematic  (a)  and  apparatus  (b).  The  crystals  are  not 
mounted  in  this  view. 


Figure  5.  Crossed,  convex-crystal  imaging  spectrograph, 
schematic  (a)  and  apparatus  (b),  with  cylindrically  bent 
mica  crystals. 


At  first,  one  might  be  reminded  of  the  standard 
double  crystal  spectrometer.  However,  the  dispersion 
dimensions  in  such  a  spectrometer  are  aligned,  although 
the  dispersion  directions  (sic)  of  the  two  crystals  may 
be  either  alike  or  apposite.  But  the  dispersion 
dimensions  are  never  crossed  in  such  spectrometers. 

There  is  a  close  similarity  between  the  present 
approach  and  the  double  reflection  method  of  Fraenkel 
(6).  Both  use  two  dispersions  from  two  sets  of  crystal 
planes  which  are  oriented  to  give  20  resolution. 

Fraenkel *3  method,  however,  involves  two  planes  within 
the  same  crystal.  Crystals  with  screw  symmetry  show 
this  effect.  Unfortunately,  the  selection  of  such 
crystals  is  not  large.  The  main  advantage  of  Fraenkel's 
method  over  the  present  two  crystal  approach  is  the 
potential  of  locating  the  single  crystal  and  the 
detector  closer  to  the  x-ray  source,  with  attendant 
improved  spatial  resolution  (for  a  given  set  of  crystal 
planes). 

As  with  any  diffracting  crystal  optic,  polarization 
losses  will  generally  take  place  at  each  Bragg  reflec¬ 
tion.  For  an  unpolarized  beam  incident  on  a  flat 
crystal,  half  the  intensity  will  be  in  each  of  two 
orthogonal  polarizations.  The  diffracted  beam  will 
suffer  a  polarization  loss  in  only  one  of  these  direc¬ 
tions,  leaving 

p=1/2  +(1/2)(co8^2e) 

as  the  polarization  factor.  For  a  second  crystal  which 
is  orthogonally  crossed  with  respect  to  the  first 
crystal,  the  net  polarization  factor  should  be 

p  =  (1/2)(co8^2e)  +  (1/2)(co8^20), 

2 

i.e. ,  p  =  cos  29, 

so  that  the  fraction  of  the  original  intensity  which  is 
lost  to  polarization  is 

f  =  1  -  008^29. 

Thus,  Bragg  angles  near  45°  are  to  be  avoided,  since 
the  crossed  crystals  act  as  crossed  polarizers  at  that 
angle.  It  is  conceivable  that  this  effect  may  be  of 
use  in  experiments  dealing  with  Faraday  rotation.  The 
more  immediate  implication  is  that  it  is  advantageous 
to  be  able  to  choose  from  a  selection  of  crystals  and 
crystal  planes  having  different  2d  spacings,  so  as  to 
have  control  over  the  polarization  losses. 


other  and  to  the  film,  bear  increased  significance. 

A  further  consideration  is  to  use  crystal  planes 
which  are  not  parallel  to  the  crystal  surface  (asymet- 
rical  diffraction).  It  is  then  possible  to  have  the 
incident  beam  strike  the  surface  at  a  shallow  input 
angle  but  diffract  from  the  planes  at  a  larger  output 
angle;  image  magnification  in  one  dimension  results 
(7).  The  magnification  is  determined  by  the  input  and 
output  angles  and  therefore  is  a  function  of  wavelength. 
For  a  crossed  crystal  spectrograph  employing  two  asym¬ 
metrical  diffractors,  two  dimensional  magnification  has 
been  obtained  (6).  The  optics  can  be  reversed  to 
obtain  an  image  reduction.  The  spatial  resolution  will 
still  be  influenced  by  the  crystal's  acceptance  angle, 
which  may  be  quite  different  than  in  the  symmetrical 
diffraction  case,  depending  on  the  magnification  (B). 

Of  course,  magnification  results  in  a  lower  intensity 
per  unit  area  in  the  diffracted  beam. 


A  new  configuration  of  doubly  diffracting,  spatial¬ 
ly  and  spectrally  resolving  x-ray  spectrograph  has  been 
discussed.  In  this  configuration,  the  dispersion 
dimensions  of  the  two  crystals  are  crossed  to  provide 
two  dimensional  imaging.  Fither  Bragg  case  or  Laue 
case  diffractors  may  be  employed;  the  diffractors 
may  be  crystals,  Langmuir-Blodgett  films,  or  other 
synthetic  multilayer  diffractors.  The  crossed  crystal 
spectrograph  offers  a  wide  selection  of  2d  spacings, 
crystal  R  values,  resolutions,  polarization  losses, 
wavelengths,  and  magnifications. 


Mork  supported  by  the  U.S.  Department  of  Energy. 
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Honochromatic  X-Ray  Images  of  X-Ray  Emitting  Sources 
Benjamin  S.  Fraenkel 

Naval  Research  Laboratory,  Washington,  D.C.* 
ABSTRACT 


Simultaneous  X-ray  refiections  are  used  to  obtain  monochromatic  images  from  a  iaser  pro¬ 
duced  piasma.  Waveiength  range  and  wavelength  resolution  are  being  discussed. 


INTRODUCTION 

The  possibility  of  obtaining  monochromatic  x-ray 
images  of  an  x-ray  source,  using  double  reflections 
from  a  crystal,  has  been  demonstrated  (1,2),  With  this 
method  one  may  expect  to  obtain  multiple,  space 
resolved  images  of  laser  produced  plasmas,  where  each 
image  represents  a  wavelength  emitted  by  the  laser 
plasma.  During  the  past  year  an  effort  has  been  made 
to  develop  this  method. 

WAVELENGTH  RANGE 

By  cooperation  with  the  N.B.S.  through  Dr. 
Deslattes,  and  by  the  efforts  of  Dr.  A.  Burek,  it  was 
shown  that  monochromatic  images  of  x-ray  emitting 
sources  may  be  taken  in  the  soft  x-ray  range,  beyond 
$A.  The- resolution  is  dependent  on  the  crystal,  and, 
with  suitable  crystals,  a  resolution  (X/dX)  of  many 
thousands  may  be  achieved,  even  in  the  long  wavelength 
range. 


PRELIHINARY  USER  RESULTS 

A  group  of  double  reflection  x-ray  images  were 
obtained  on  the  Pharos  II  Nd  laser  (at  I.DSiiijm),  with 
about  AOJ,  in  a  single  shot.  This  was  obtained  for 
the  He  and  Li  like  transitions  of  sulphur. 

Geometric  adjustment  was  not  optimal,  so  it  is  too 
early  to  use  the  images  for  space  resolution  of  the 
plasma.  However,  wavelength  resolution  was  good, 
compared  with  the  previously  obtained  spectrum  (3)« 
For  example,  the  k  and  j  lines,  and  the  w  and  1  lines 
were  completely  resolved. 
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Ultrahigh-spectral-brightnesa  Bxcimer  Lasers 
as  Puap  Sources  for  Coherent  Soft  X-ray  Generation 
H.  Egger,  H.  PuBBer,  T.  Srlnivasan,  and  C.  K.  Rhodes 
Department  of  Physics,  University  of  Illinois  at  Chicago  Circle 
P.  O,  Box  4346,  Chicago,  Illinois  60680 


An  Intense  source  of  soft  x-rays  operating  in  the 
coherent,  narrow-bandwidth,  and  highly  directional 
mode  would  meet  the  needs  of  an  abundance  of 
applications.  These  Include  spectroscopy  of 
inner-shell  states,  diagnostics  of  high-density 
plasmas,  x-ray  holography,  and  lithography.  The 
development  of  sucd\  sources  has  been  suffering  from  a 
lack  of  excitation  sources  which  meet  the  severe 
requirements  for  puikp  power  in  the  short-wavelength 
range. 

Rare-gas  halide  excimer  lasers  are  in  principle 
the  ideal  devices  for  applying  nonlinear  optical 
processes  to  the  generation  of  short  wavelengths. 

This  is  due  to  the  high  energy  of  the  primary  photon, 
its  tunability,  and  the  small  size  of  the  focal  spot 
which  is  possible  with  short  wavelengths.  The 
exploitation  of  these  features,  however,  has  been 
hindered  by  the  fact  that  the  spectral  and  spatial 
properties  of  free-running  excimer  lasers  are  poor. 

In  the  following,  we  describe  a  laboratory-scale  ArF* 
(193  nm)  laser  system  whose  spectral  and  spatial  beam 
properties  approach  the  fundamental  limits  and  whose 
spectral  brightness  (the  key  parameter  of  optical 
quality)  represents  an  improvement  of  10^^  over  the 
free-running  laser.  We  also  present  preliminary 
results  of  generating  tunable  narrow-bandwidth 
radiaticn  at  64  nm  with  this  system. 

The  laser  system  is  illustrated  schematically  in 
Figure  1.  The  output  of  a  frequency-stabilized,  cw 
dye  laser  is  pulse-amplified  in  a  three-stage  XeP* 
pumped  dye  amplifier,  producing  a  -IQ-ns  visible 
pulse  with  an  energy  greater  than  20  mJ  at  a 
repetition  rate  of  up  to  10  Hz.  The  linewidth  of 
these  pulses  is  Fourier  transform-limited. 
Frequency-tripled  radiation  corresponding  to  any 
wavelength  within  the  ArF*  gain  profile  is  readily 
generated  by  focusing  into  a  strontium  heat  pipe, 
producing  -5-ns  third-harmonic  pulses  with  peak 
power  greater  than  1  W.  This  spectrally  narrow 
third-harmonic  radiation  is  subsequently  amplified  in 
one  double  and  two  single  passes  through  three 


Figure  1.  Tunable,  ultrahigh-spectral- 
brightness  ArF  laser 


discharge-pumped  ArF*  amplifiers  to  produce  output 
pulses  -10  ns  in  duration  and  of  energies  up  to 
300  mJ. 

The  bandwidth  of  the  193-nm  pulse  is  wibhln  206 
of  the  Fourier-transform  limit  and  the  beam  has  a 
diffraction-limited  divergence  of  S  prad  x  IS  prad. 
Using  aspheric  f2  optics,  focal  intensities  in  excess 
of  10^^  H/cm^  can  be  generated.  It  should  be 
noted  that  a  setup  in  which  the  cw  dye  laser,  which 
now  forms  the  front  end  of  the  laser  system,  is 
replaced  by  a  10-psec  dye  laser,  is  close  to 
ccaqtletion  in  our  laboratory.  This  should  increase 
the  attainable  focal  intensities  by  almost  three 
orders  of  magnitude. 

This  laser  can  be  used  in  two  ways  to  generate 
shorter  wavelengths.  First,  a  multiphoton  transition 
can  be  used  to  populate  an  atomic  or  molecular  level 
from  which  subsequent  stimulated  emission  is 
possible.  Second,  the  laser  light  can  be  converted 
using  harmonic  generation  and  optical  mixing.  In 
initial  experiments  we  have  generated  narrow-bemd- 
width  tunable  radiaticn  at  83  nm  (the  third  harmonic 
of  KrF*  248-nm  radiation),  102.7  nm  (mixing  of  two 
248-nm  photons  with  one  dye- laser  photon  to  Lg) , 
and  64  nm  (the  third  harmonic  of  193  nm) .  The 
spectral  range  which  can  be  reached  by  harmonic 
generation  and  mixing  in  processes  involving  up  to 
seven  photons  reaches  down  to  -30  nm.  It  seems  clear 
that  ultra-hlgh-spectral-brightness  excimer  lasers 
will  make  possible  the  generation  of  coherent  tunable 
narrow-bandwidth  radiation  at  all  wavelengths  between 
30  nm  and  130  nm. 

Support  for  special  equipsKnt  for  these  studies 
was  provided  the  Dept,  of  Energy  under  contract 
no.  DB-AC02-79ER10350.  Additional  support  was 
furnished  by  the  Air  Force  Office  of  Scientific 
Research  under  grant  no.  AFOSR-79-0130,  the  National 
Science  Foundation  under  grant  no.  PHX78-27610,  and 
the  Office  of  Naval  Research. 
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Appendix 

The  Atomic  Scattering  Factor ,  +  if2,  for  M  Elements  and  for  the  ^  2000  eV  Photon  Energy  Region 

B.  L.  Henke,  P.  Lee,  T.  J.  Tanaka,  R.  L.  Shimabukuro  and  B.  K.  Fujikawa 
University  of  Hawaii,  Oepartment  of  Physics  and  Astronomy,  Honolulu,  Hawaii  96822 


In  a  recent  work,^  a  “state  of  the  art"  compilation  and  fitting  of  the  best  available  experimental  and 
theoretical  photoionization  cross  sections  has  been  presented  for  the  30  to  10,000  eV  region.  Usln^  the  quantum 
dispersion  theory,  the  atomic  scattering  factors  were  then  uniquely  determined  from  the  photoionization  cross 
section  data  for  the  low  energy  x-rays.  In  Ref.  1,  the  original  data  were  given  at  fifty  laboratory  wavelengths 
along  with  compilation  references  and  a  description  of  the  fitting  procedures.  Presented  here  are  the  fj  and  f2 
values  which  have  been  Interpolated  at  regular  Intervals. 

As  discussed  In  the  review  papers  of  these  Proceedings  by  Henke,  the  fj  and  f2  parameters  may  be  applied  to 
calculate  the  low  energy  x-ray  Interactions— absorption,  scattering,  specular  and  Bragg  reflection. 

The  corresponding  value  for  the  photoionization  cross  section  Is  related  to  f2  by  Eu(E)  =  Kf2,  where  K  for  a 
given  element  Is  presented  at  the  end  of  each  fj  -  f2  table  in  keV-cm^/gram  urilli.  For  Eu(E)  In  eV-barns/atom 
units,  K  is  equal  to  6.987  x  10^  for  all  atoms. 

The  tables  are  presented  here  at  125  values  of  photon  energy,  E(eVj  and  wavelength,  X(A)  with  logarithmically 
spaced  Intervals  by  truncating  to  the  nearest  electron  volt  the  energy  as  given  by 

E  =  100  X  10^^  ^°9  20)/124gy_ 

This  expression  may  be  used  for  convenient  computer  calculation  and  plotting  of  functions  of  fj  and  f2  as  Indexed 
here  by  N.  (fj  and  f2  have  been  precisely  Interpolated  for  the  truncated  E  values  as  listed  In  these  tables.)  The 
approximate  K,  L  and  M  absorption  edge  positions  are  Identified  within  the  tables. 


'"Low  Energy  X-Ray  Interaction  Coefficients:  Photolonizatlon,  Scattering  and  Reflection,"  B.  L.  Henke,  P.  Lee, 
T.  J.  Tanaka,  R.  L.  Shimabukuro  and  B.  K.  Fujikawa,  Atomic  Data  and  Nuclear  Data  Tables  No.  1,  (1982). 
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ATOMIC  SCATTERING  FACTOR,  fi+  if2 


H 

(1) 

He 

(2) 

Li 

(3) 

Re 

(4) 

N 

E(eV) 

fx 

fx 

fi 

fz 

fi 

f2 

fi 

fz 

X(A) 

0 

100 

1.02 

2.76-02 

2.14 

4.94-01 

2.75 

2.34  00 

0.45 

1.67-01 

124.0 

1 

102 

1.02 

2.65-02 

2.14 

4.80-01 

2.81 

2.25  00 

0.23 

1.63-01 

121.5 

2 

104 

1.02 

2.54-02 

2.14 

4.65-01 

2.86 

2.17  00 

-0.06 

1.59-01 

119.2 

3 

107 

1.02 

2.40-02 

2.15 

4.46-01 

2.92 

2.06  00 

-0.66 

1.54-01 

115.9 

4 

no 

1.02 

2.26-02 

2.15 

4.27-01 

2.97 

1.99  00 

-2.90 

K  1.49-01 

112.7 

5 

112 

1.02 

2.18-02 

2.15 

4.15-01 

3.01 

1.95  00 

-2.98 

4.21  00 

110.7 

6 

115 

1.02 

2.06-02 

2.15 

3.99-01 

3.05 

1.89  00 

-0.41 

4.09  00 

107.8 

7 

118 

1.02 

1.95-02 

2.15 

3.83-01 

3.08 

1.83  00 

0.43 

3.93  00 

105.1 

8 

121 

1.02 

1.85-02 

2.15 

3.69-01 

3.12 

1.76  00 

0.96 

3.87  00 

102.5 

9 

124 

1.02 

1.76-02 

2.14 

3.55-01 

3.15 

1.70  00 

1.33 

3.77  00 

100.0 

10 

127 

1.02 

1.67-02 

2.14 

3.42-01 

3.17 

1.65  00 

1.64 

3.67  00 

97.6 

11 

130 

1.02 

1.59-02 

2.14 

3.30-01 

3.20 

1.60  00 

1.90 

3.58  00 

95.4 

12 

133 

1.02 

1.52-02 

2.14 

3.18-01 

3.22 

1.55  00 

2.12 

3.49  00 

93.2 

13 

136 

1.02 

1.45-02 

2.14 

3.07-01 

3.24 

1.49  00 

2.29 

3.40  00 

91.2 

14 

140 

1.01 

1.36-02 

2.14 

2.93-01 

3.25 

1.43  00 

2.51 

3.29  00 

88.6 

15 

143 

1.01 

1.30-02 

2.14 

2.83-01 

3.27 

1.38  00 

2.65 

3.21  00 

86.7 

16 

147 

1.01 

1.22-02 

2.14 

2.71-01 

3.28 

1.32  00 

2.82 

3.11  00 

84.3 

17 

150 

1.01 

1.17-02 

2.14 

2.62-01 

3.29 

1.29  00 

2.93 

3.05  00 

82.7 

18 

154 

1.01 

1.11-02 

2.13 

2.51-01 

3.30 

1.24  00 

3.07 

2.96  00 

80.5 

19 

158 

1.01 

1.05-02 

2.13 

2.41-01 

3.31 

1.19  00 

3.21 

2.86  00 

78.5 

20 

162 

1.01 

9.94-03 

2.13 

2.31-01 

3.31 

1.15  00 

3.33 

2.77  00 

76.5 

21 

166 

1.01 

9.43-03 

2.13 

2.21-01 

3.32 

1.11  00 

3.44 

2.69  00 

74.7 

22 

170 

1.01 

8.95-03 

2.13 

2.13-01 

3.32 

1.07  00 

3.53 

2.61  00 

72.9 

23 

174 

1.01 

8.51-03 

2.12 

2.04-01 

3.32 

1.03  00 

3.61 

2.53  00 

71.3 

24 

178 

1.01 

8.09-03 

2.12 

1.97-01 

3.33 

9.97-01 

3.68 

2.46  00 

69.7 

25 

182 

1.01 

7.71-03 

2.12 

1.89-01 

3.33 

9.65-01 

3.75 

2.40  00 

68.1 

26 

187 

1.01 

7.26-03 

2.12 

1.81-01 

3.33 

9.22-01 

3.83 

2.30  00 

66.3 

27 

191 

1.01 

6.93-03 

2.12 

1.74-01 

3.33 

8.88-01 

3.88 

2.22  00 

64.9 

28 

196 

1.01 

6.55-03 

2.11 

1.66-01 

3.33 

8.51-01 

3.95 

2.15  00 

63.3 

29 

201 

1.01 

6.20-03 

2.11 

1.59-01 

3.33 

8.18-01 

4.00 

2.08  00 

61.7 

30 

206 

1.01 

5.87-03 

2.11 

1.52-01 

3.32 

7.87-01 

4.04 

2.02  00 

60.2 

31 

211 

1.01 

5.57-03 

2.11 

1.46-01 

3.32 

7.57-01 

4.08 

1.96  00 

58.8 

32 

216 

1.01 

5.29-03 

2.10 

1.40-01 

3.32 

7.28-01 

4.12 

1.89  00 

57.4 

33 

221 

1.01 

5.03-03 

2.10 

1.34-01 

3.32 

6.99-01 

4.15 

1.83  00 

56.1 

34 

227 

1.01 

4.74-03 

2.10 

1.28-01 

3.31 

6.67-01 

4.18 

1.76  00 

54.6 

35 

232 

1.01 

4.52-03 

2.10 

1.23-01 

3.31 

6.42-01 

4.20 

1.70  00 

53.4 

36 

238 

1.01 

4.27-03 

2.09 

1.17-01 

3.31 

6.14-01 

4.23 

1.64  00 

52.2 

37 

244 

1.01 

4.05-03 

2.09 

1.12-01 

3.30 

5.88-01 

4.25 

1.58  00 

50.8 

38 

250 

1.01 

3.84-03 

2.09 

1.07-01 

3.30 

5.64-01 

4.27 

1.52  00 

49.6 

39 

256 

1.01 

3,64-03 

2.09 

1.02-01 

3.29 

5.41-01 

4.28 

1.47  00 

48.4 

40 

262 

1.01 

3.46-03 

2.09 

9.80-02 

3.29 

5.19-01 

4.30 

1.42  00 

47.3 

41 

269 

1.01 

3.27-03 

2.08 

9.33-02 

3.28 

4.96-01 

4,31 

1.36  00 

46.1 

42 

275 

1.01 

3.11-03 

2.08 

8.93-02 

3.28 

4.77-01 

4.32 

1.32  00 

45.1 

43 

282 

1.01 

2.95-03 

2.08 

8.48-02 

3.27 

4.56-01 

4.33 

1.27  00 

44.0 

44 

289 

1.00 

2.79-03 

2.08 

8.05-02 

3.27 

4.36-01 

4.34 

1.22  00 

42.9 

45 

296 

1.00 

2.65-03 

2.07 

7.66-02 

3.26 

4.17-01 

4.34 

1.17  00 

41.9 

46 

303 

1.00 

2,52-03 

2,07 

7.30-02 

3.26 

3.99-01 

4.35 

1.13  00 

40.9 

47 

311 

1.00 

2.37-03 

2.07 

6.91-02 

3.25 

3.80-01 

4.35 

1.08  00 

39.9 

48 

318 

1.00 

2.26-03 

2.07 

6.60-02 

3.25 

3.65-01 

4.36 

1.05  00 

39.0 

49 

326 

1,0'' 

2.13-03 

2.07 

6.27-02 

3.24 

3.48-01 

4.36 

1.00  00 

38.0 

50 

334 

1.00 

2.02-03 

2.06 

5.96-02 

3.24 

3.33-01 

4.36 

9.67-01 

37.1 

51 

342 

1.00 

1.91-03 

2.06 

5.67-02 

3.23 

3.19-01 

4.36 

9.30-01 

36.3 

52 

351 

1.00 

1.80-03 

2.06 

5.37-02 

3.23 

3.04-01 

4.36 

8.92-01 

35.3 

53 

359 

1.00 

1.71-03 

2.06 

5.13-02 

3.22 

2.91-01 

4.36 

8.61-01 

34.5 

54 

368 

1.00 

1.62-03 

2.06 

4.87-02 

3.21 

2.78-01 

4.36 

8.27-01 

33.7 

55 

377 

1.00 

1.53-03 

2.06 

4.63-02 

3.21 

2.66-01 

4.35 

7.96-01 

32.9 

56 

386 

1.00 

1.45-03 

2.05 

4.41-02 

3.20 

2.54-01 

4.35 

7.66-01 

32.1 

57 

396 

1.00 

1.37-03 

2.05 

4.17-02 

3.20 

2.42-01 

4.35 

7.34-01 

31.3 

58 

406 

1.00 

1.29-03 

2.05 

3.95-02 

3.19 

2.31-01 

4.34 

7.02-01 

30.5 

59 

415 

1.00 

1.23-03 

2.05 

3.77-02 

3.19 

2.21-01 

4.34 

6.75-01 

29.9 

60 

426 

1.00 

1.16-03 

2.05 

3.56-02 

3.18 

2.10-01 

4.34 

6.44-01 

29.1 

61 

436 

1.00 

1.10-03 

2.05 

3.39-02 

3.18 

2.01-01 

4.33 

6.17-01 

28.4 

62 

447 

1.00 

1.04-03 

2.04 

3.21-02 

3.17 

1.91-01 

4.33 

5.90-01 

27.7 

63 

458 

1.00 

9.84-04 

2.04 

3.05-02 

3.17 

1.82-01 

4.32 

5.65-01 

27.1 

64 

469 

1.00 

9.32-04 

2.04 

2.90-02 

3.16 

1.74-01 

4.32 

5.41-01 

26.4 

H 

(1) 

He 

(2) 

ui 

(3) 

Be 

(4) 

Hydroeen 

Helium 

Lithium 

Beryllium 

N 

E(eV) 

fi 

fl 

f2 

fi 

f2 

fi 

X  (A) 

65 

480 

1.00 

8.84-04 

2.04 

2.75-02 

3.16 

1.66-01 

4.31 

5.19-01 

25.83 

66 

492 

1.00 

8.36-04 

2.04 

2.61-02 

3.15 

1.58-01 

4.30 

4.96-01 

25.20 

67 

504 

1.00 

7.91-04 

2.04 

2.48-02 

3.15 

1.51-01 

4.30 

4.75-01 

24 .60 

68 

516 

1.00 

7.50-04 

2.04 

2.36-02 

3.14 

1.44-01 

4.29 

4.55-01 

24.03 

69 

529 

1.00 

7.08-04 

2.03 

2.24-02 

3.14 

1.37-01 

4.29 

4.35-01 

23.44 

70 

542 

1.00 

6.70-04 

2.03 

2.12-02 

3.14 

1.30-01 

4.28 

4.16-01 

22.87 

71 

555 

1.00 

6.35-04 

2.03 

2.02-02 

3.13 

1.24-01 

4.27 

3.99-01 

22.34 

72 

569 

1.00 

6.00-04 

2.03 

1.91-02 

3.13 

1.18-01 

4.27 

3.81-01 

21.79 

73 

583 

1.00 

5.68-04 

2.03 

1.81-02 

3.12 

1.12-01 

4.26 

3.64-01 

21.27 

74 

597 

1.00 

5.38-04 

2.03 

1.72-02 

3.12 

1.07-01 

4.26 

3.48-01 

20.77 

75 

612 

1.00 

5.08-04 

2.03 

1.63-02 

3.12 

1.02-01 

4.25 

3.32-01 

20.26 

76 

627 

1.00 

4.81-04 

2.03 

1.55-02 

3.11 

9.71-02 

4.24 

3.18-01 

19.77 

77 

642 

1.00 

4.55-04 

2.03 

1.47-02 

3.11 

9.24-02 

4.24 

3.04-01 

19.31 

78 

658 

1.00 

4.30-04 

2.02 

1.38-02 

•  3.11 

8.75-02 

4.23 

2.89-01 

18.84 

79 

674 

1.00 

4.06-04 

2.02 

1.31-02 

3.10 

8.29-02 

4.23 

2.75-01 

18.39 

80 

690 

1.00 

3.85-04 

2.02 

1.24-02 

3.10 

7.93-02 

4.22 

2.64-01 

17.97 

81 

707 

1.00 

3.64-04 

2.02 

1.19-02 

3.10 

7.58-02 

4.21 

2.53-01 

17.54 

82 

725 

1.00 

3.43-04 

2.02 

1.12-02 

3.09 

7.19-02 

4.21 

2.41-01 

17.10 

83 

742 

1.00 

3.25-04 

2.02 

1.07-02 

3.09 

6.86-02 

4.20 

2.30-01 

16 . 71 

84 

760 

1.00 

3.07-04 

2.02 

1.01-02 

3.09 

6.52-02 

4.20 

2.20-01 

16.31 

85 

779 

1.00 

2.90-04 

2.02 

9.60-03 

3.08 

6.20-02 

4.19 

2.09-01 

15.92 

86 

798 

1.00 

2.74-04 

2.02 

9.10-03 

3.08 

5.89-02 

4.19 

2.00-01 

15.54 

87 

818 

1.00 

2.59-04 

2.02 

8.62-03 

3.08 

5.60-02 

4.18 

1.90-01 

15 . 16 

88 

838 

1.00 

2.45-04 

2.02 

8.17-03 

3.07 

5.32-02 

4.18 

1.81-01 

14.79 

89 

858 

1.00 

2.32-04 

2.02 

7.76-03 

3.07 

5.07-02 

4.17 

1.73-01 

14 .45 

90 

879 

1.00 

2.19-04 

2.02 

7.37-03 

3.07 

4.82-02 

4.17 

1.65-01 

14.10 

91 

901 

1.00 

2.07-04 

2.01 

6.99-03 

3.07 

4.58-02 

4.16 

1.58-01 

13.76 

92 

923 

1.00 

1.96-04 

2.01 

6.64-03 

3.06 

4.35-02 

4.16 

1.50-01 

13.43 

93 

945 

1.00 

1.85-04 

2.01 

6.32-03 

3.06 

4.14-02 

4.15 

1.44-01 

13.12 

94“^ 

968 

1.00 

1.75-04 

2.01 

6.00-03 

3.06 

3.94-02 

4.15 

1.37-01 

12.81 

95 

992 

1.00 

1.66-04 

2,01 

5.70-03 

3.06 

3.74-02 

4.14 

1.30-01 

12.50 

96 

1016 

1.00 

1.57-04 

2.01 

5.42-03 

3.06 

3.56-02 

4.14 

1.24-01 

12.20 

97 

1041 

1.00 

1.48-04 

2.01 

5.13-03 

3.05 

3.38-02 

4.13 

1.18-01 

11.91 

98 

1067 

1.00 

1.40-04 

2.01 

4.86-03 

3.05 

3.21-02 

4.13 

1.12-01 

11.62 

99 

1093 

1.00 

1.32-04 

2.01 

4.61-03 

3.05 

3.05-02 

4.12 

1.07-01 

11.34 

100 

1119 

1.00 

1.25-04 

2.01 

4.38-03 

3.05 

2.91-02 

4.12 

1.02-01 

11.08 

101 

1147 

1.00 

1.18-04 

2.01 

4.15-03 

3.05 

2.76-02 

4.12 

9.69-02 

10.81 

102 

1175 

1.00 

1.12-04 

2.01 

3.93-03 

3.05 

2.62-02 

4.11 

9.22-02 

10.55 

103 

1204 

1.00 

1.06-04 

2.01 

3.73-03 

3.04 

2.49-02 

4.11 

8.77-02 

10.30 

104 

1233 

1.00 

9.98-05 

2.01 

3.54-03 

3.04 

2.37-02 

4.11 

8.35-02 

10.06 

105 

1263 

1.00 

9.43-05 

2.01 

3.36-03 

3.04 

2.25-02 

4.10 

7.95-02 

9.82 

106 

1294 

1.00 

8.91-05 

2.01 

3.19-03 

3.04 

2.14-02 

4.10 

7.56-02 

9.58 

107 

1326 

1.00 

8.41-05 

2.1 

3.03-03 

3.04 

2.03-02 

4.10 

7.19-02 

9.35 

108 

1358 

1.00 

7.95-05 

2.01 

2.88-03 

3.04 

1.93-02 

4.09 

6.85-02 

9.13 

109 

1392 

1.00 

7.50-05 

2.01 

2.73-03 

3.03 

1.83-02 

4.09 

6.51-02 

8.91 

110 

1426 

1.00 

7.08-05 

2.01 

2.60-03 

3.03 

1.74-02 

4.09 

6.20-02 

8.69 

111 

1460 

1.00 

6.70-05 

2.01 

2.47-03 

3.03 

1.65-02 

4.08 

5.91-02 

8.49 

112 

1496 

1.00 

6.32-05 

2.01 

2.34-03 

3.03 

1.57-02 

4.08 

5.62-02 

8.29 

113 

1533 

1.00 

5.97-05 

2.01 

2.21-03 

3.03 

1.48-02 

4.08 

5.34-02 

8.09 

114 

1570 

1.00 

5.64-05 

2.01 

2.10-03 

3.03 

1.41-02 

4.07 

5.08-02 

7.90 

115 

1609 

1.00 

5.32-05 

2.01 

1.98-03 

3.03 

1.34-02 

4.07 

4.83-02 

7.71 

116 

1648 

1.00 

5.03-05 

2.01 

1.88-03 

3.03 

1.27-02 

4.07 

4.59-02 

7.52 

11^ 

1688 

1.00 

4.76-05 

2.01 

1.78-03 

3.03 

1.20-02 

4.07 

4.37-02 

7.34 

118 

1730 

1.00 

4.49-05 

2.00 

1.68-03 

3.02 

1.14-02 

4.06 

4.15-02 

7.17 

119 

1772 

1.00 

4.24-05 

2.00 

1.59-03 

3.02 

1.08-02 

4.06 

3.95-02 

7.00 

120 

1815 

1.00 

4.01-05 

2.00 

1.50-03 

3.02 

1.02-02 

4.06 

3.75-02 

6.83 

121 

1860 

1.00 

3.78-05 

2.00 

1.41-03 

3.02 

9.70-03 

4.06 

3.56-02 

6.67 

122 

1905 

1.00 

3.57-05 

2.00 

1.34-03 

3.02 

9.20-03 

4.06 

3.38-02 

6.51 

123 

1952 

1,00 

3.37-05 

2.00 

1.26-03 

3.02 

8.71-03 

4.05 

3.21-02 

6.35 

124 

2000 

1.00 

3.18-05 

2.00 

1.19-03 

3.02 

8.25-03 

4.05 

3.05-02 

6.20 
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N 

E(eV) 

B 

fi 

ATOMIC  SCATTERING  FACTOR,  f: 

(5)  C  (6)  N 

fl  f2  fl 

1+  if2 

(7) 

fz 

0 

fx 

(8) 

fz 

X(A) 

0 

100 

2.90 

3.47-01 

4.12 

6.63-01 

5.22 

1.45  00 

6.13 

2.50  00 

124.0 

1 

102 

2.89 

3.39-01 

4.12 

6.46-01 

5.23 

1.42  00 

6.16 

2.43  00 

121.5 

2 

104 

2.88 

3.30-01 

4.13 

6.30-01 

5.24 

1.38  00 

6.19 

2.38  00 

119.2 

3 

107 

2.86 

3.19-01 

4.11 

6.07-01 

5.26 

1.34  00 

6.22 

2.29  00 

115.9 

4 

110 

2.84 

3.09-01 

4.13 

5.85-01 

5.27 

1.29  00 

6.25 

2.22  00 

112.7 

5 

112 

2.82 

3.04-01 

4.13 

5.76-01 

5.28 

1.27  00 

6.27 

2.17  00 

110.7 

6 

115 

2.80 

2.95-01 

4.08 

5.64-01 

5.29 

1.23  00 

6.30 

2.10  00 

107.8 

7 

118 

2.77 

2.86-01 

4.12 

5.52-01 

5.29 

1.19  00 

6.32 

2.03  00 

105.1 

8 

121 

2.75 

2.77-01 

4.12 

5.41-01 

5.30 

1.16  00 

6.34 

1.97  00 

102.5 

9 

124 

2.72 

2.69-01 

4.11 

5.30-01 

5.30 

1.12  00 

6.35 

1.91  00 

100.0 

10 

127 

2.68 

2.61-01 

4.11 

5.20-01 

5.31 

1.09  00 

6.37 

1.85  00 

97.6 

11 

130 

2.65 

2.53-01 

4.10 

5.10-01 

5.31 

1.06  00 

6.39 

1.80  00 

95.4 

12 

133 

2.61 

2.46-01 

4.04 

4.96-01 

5.32 

1.03  00 

6.41 

1.75  00 

93.2 

13 

136 

2.57 

2.39-01 

4.09 

4.83-01 

5.32 

1.00  00 

6.41 

1.70  00 

91.2 

14 

140 

2.51 

2.30-01 

4.08 

4.66-01 

5.32 

9.67-01 

6.43 

1.64  00 

88.6 

15 

143 

2.46 

2.24-01 

4.07 

4.54-01 

5.32 

9.41-01 

6.43 

1.59  00 

86.7 

16 

147 

2.38 

2.16-01 

4.02 

4.39-01 

5.32 

9.09-01 

6.45 

1.54  00 

84.3 

17 

150 

2.32 

2.11-01 

4.02 

4.28-01 

5.32 

8.87-01 

6.45 

1.50  00 

82.7 

18 

154 

2.22 

2.04-01 

4.02 

4.15-01 

5.31 

8.58-01 

6.46 

1.45  00 

80.5 

19 

158 

2.11 

1.96-01 

4.01 

4.02-01 

5.31 

8.31-01 

6.46 

1.40  00 

78.5 

20 

162 

1.98 

1.88-01 

3.99 

3.90-01 

5.31 

8.04-01 

6.47 

1.36  00 

76.5 

21 

166 

1.82 

1.80-01 

3.97 

3.78-01 

5.30 

7.79-01 

6.47 

1.31  00 

74.7 

22 

170 

1.62 

1.74-01 

3.95 

3.66-01 

5.30 

7.55-01 

6.47 

1.27  00 

72.9 

23 

174 

1.34 

1.68-01 

3.89 

3.55-01 

5.29 

7.33-01 

6.47 

1.23  00 

71.3 

24 

178 

1.02 

1.64-01 

3.90 

3.45-01 

5.28 

7.11-01 

6.47 

1.20  00 

69.7 

25 

182 

0.39 

1.59-01 

3.83 

3.35-01 

5.27 

6.91-01 

6.47 

1.16  00 

68.1 

26 

187 

-2.43 

K  1.53-01 

3.85 

3.24-01 

5.26 

6.67-01 

6.47 

1.12  00 

66.3 

27 

191 

-0.55 

4.18  00 

3.80 

3.15-01 

5.25 

6.49-01 

6.47 

1.08  00 

64.9 

28 

196 

1.08 

4.06  00 

3.76 

3.05-01 

5.24 

6.27-01 

6.46 

1.04  00 

63.3 

29 

201 

1.74 

3.95  00 

3.73 

2.95-01 

5.23 

6.06-01 

6.46 

1.01  00 

61.7 

30 

206 

2.19 

3.85  00 

3.69 

2.85-01 

5.21 

5.86-01 

6.45 

9.75-01 

60.2 

31 

211 

2.55 

3.76  00 

3.64 

2.75-01 

5.20 

5.68-01 

6.45 

9.45-01 

58.8 

32 

216 

2.83 

3.65  00 

3.55 

2.66-01 

5.18 

5.50-01 

6.44 

9.14-01 

57.4 

33 

221 

3.06 

3.54  00 

3.52 

2.57-01 

5.17 

5.33-01 

6.43 

8.84-01 

56.1 

34 

227 

3.31 

3.42  00 

3.43 

2.47-01 

5.15 

5.14-01 

6.42 

8.50-01 

54.6 

35 

232 

3.49 

3.32  00 

3.35 

2.40-01 

5.13 

4.98-01 

6.41 

8.24-01 

53.4 

36 

238 

3.70 

3.21  00 

3.24 

2.31-01 

5.10 

4.81-01 

6.40 

7.94-01 

52.1 

37 

244 

3.88 

3.11  00 

3.11 

2.23-01 

5.08 

4.65-01 

6.39 

7.66-01 

50.8 

38 

250 

4.04 

3.01  00 

2.96 

2.15-01 

5.05 

4.50-01 

6.37 

7.39-01 

49.6 

39 

256 

4.18 

2.92  00 

2.76 

2.08-01 

5.02 

4.35-01 

6.36 

7.14-01 

48.4 

40 

262 

4.29 

2.83  00 

2.51 

2.01-01 

4.99 

4.21-01 

6.35 

6.90-01 

47.3 

41 

269 

4.41 

2.74  00 

2.13 

1.94-01 

4.96 

4.06-01 

6.33 

6.64-01 

46.1 

42 

275 

4.51 

2.66  00 

1.27 

1.88-01 

4.92 

3.94-01 

6.32 

6.43-01 

45.1 

43 

282 

4.60 

2.57  00 

-0.73 

K  1.81-01 

4.88 

3.80-01 

6.30 

6.20-01 

44.0 

44 

289 

4.68 

2.48  00 

-0.11 

4.48  00 

4.83 

3.67-01 

6.28 

5.97-01 

42.9 

45 

296 

4.76 

2.39  00 

2.17 

4.33  00 

4.78 

3.55-01 

6.26 

5.76-01 

41.9 

46 

303 

4.82 

2.32  00 

2.79 

4.18  00 

4.72 

3.43-01 

6.24 

5.56-01 

40.9 

47 

311 

4.88 

2.23  00 

3.46 

4.02  00 

4.65 

3.31-01 

6.22 

5.35-01 

39.9 

48 

318 

4.93 

2.16  00 

3.66 

3.89  00 

4.58 

3.20-01 

6.19 

5.17-01 

39.0 

49 

326 

4.98 

2.08  00 

3.98 

3.75  00 

4.49 

3.09-01 

6.16 

4.98-01 

38.0 

50 

334 

5.03 

2.01  00 

4.25 

3.62  00 

4.39 

2.99-01 

6.13 

4.81-01 

37.1 

51 

342 

5.07 

1.94  00 

4.48 

3.50  00 

4.28 

2.89-01 

6.10 

4.64-01 

36.3 

52 

351 

5.11 

1.87  00 

4.70 

3.37  00 

4.11 

2.78-01 

6.06 

4.46-01 

35.3 

53 

359 

5.15 

1.81  00 

4.87 

3.26  00 

3.93 

2.69-01 

6.03 

4.31-01 

34.5 

54 

368 

5.18 

1.75  00 

5.04 

3.14  00 

3.69 

2.60-01 

5.98 

4.15-01 

33.7 

55 

377 

5.21 

1.69  00 

5.19 

3.03  00 

3.34 

2.51-01 

5.94 

4.01-01 

32.9 

56 

386 

5.23 

1.63  00 

5.31 

2.93  00 

2.69 

2.42-01 

5.89 

3.87-01 

32.1 

57 

396 

5.25 

1.57  00 

5.49 

2.82  00 

1.22 

K  2.34-01 

5.84 

3.72-01 

31.3 

58 

406 

5.27 

1.51  00 

5.52 

2.72  00 

0.96 

3.96  00 

5.77 

3.57-01 

30.5 

59 

415 

5.29 

1.46  00 

5.60 

2.63  00 

3.10 

3.90  00 

5.70 

3.45-01 

29.9 

60 

426 

5.30 

1.40  00 

5.69 

2.53  00 

3.85 

3.84  00 

5.62 

3.31-01 

29.1 

61 

436 

5.31 

1.35  00 

5.76 

2.45  00 

4.34 

3.78  00 

5.53 

3.20-01 

28.4 

62 

447 

5.33 

1.30  00 

5.84 

2.36  00 

4.76 

3.72  00 

5.42 

3.08-01 

27.7 

63 

458 

5.33 

1.25  00 

5.91 

2.28  00 

5.10 

3.67  00 

5.30 

2.96-01 

27.1 

64 

469 

5.34 

1.20  00 

5.95 

2.20  00 

5.37 

3.55  00 

5.13 

2.85-01 

26.4 

344 


B 

(5) 

C 

(6) 

N 

(7) 

0 

(8) 

Boron 

Carbon 

Nitrogen 

Oxygen 

_N 

E(eV) 

fi 

ft 

fi 

f2 

fi 

fz 

fz 

X(A) 

65 

480 

3.35 

1.16  00 

6.00 

2.12  00 

5.61 

3.43  00 

4.94 

2.75-01 

25.83 

66 

492 

5.35 

1.11  00 

6.05 

2.04  00 

5.82 

3.32  00 

4,67 

2.65-01 

25.20 

67 

504 

5.35 

1.07  00 

6.09 

1.97  00 

5.99 

3.20  00 

4.29 

2.55-01 

24.60 

68 

516 

5.36 

1.03  00 

6.13 

1.90  00 

6.14 

3.10  00 

3.62 

2.46-01 

24.03 

69 

529 

5.36 

9.87-01 

6.16 

1.83  00 

6.27 

2.99  00 

1.37 

K  2.37-01 

23.44 

70 

542 

5.36 

9.47-01 

6.19 

1.77  00 

6.38 

2.89  00 

3.23 

4.43  00 

22.87 

71 

555 

5.36 

9.09-01 

6.22 

1.70  00 

6.48 

2.80  00 

4.33 

4.28  00 

22.34 

72 

569 

5.36 

8.73-01 

6.24 

1.64  00 

6.58 

2.70  00 

5.03 

4.12  00 

21.79 

73 

583 

5.36 

8.38-01 

6.26 

1.57  00 

6.67 

2.60  00 

5.54 

3.98  00 

21.27 

74 

597 

5.36 

8.05-01 

6.28 

1.52  00 

6.74 

2.51  00 

5.91 

3.85  00 

20.77 

75 

612 

5.35 

7.71-01 

6.30 

1.46  00 

6.82 

2.42  00 

6.25 

3.72  00 

20.26 

76 

627 

5.35 

7.40-01 

6.31 

1.40  00 

6.89 

2.34  00 

6.53 

3.60  00 

19.77 

77 

642 

5.35 

7.09-01 

6.32 

1.35  00 

6.95 

2.25  00 

6.75 

3.47  00 

19.31 

78 

658 

5.34 

6.76-01 

6.33 

1.29  00 

7.00 

2.16  00 

6.93 

3.34  00 

18.84 

79 

674 

5.34 

6.45-01 

6.34 

1.24  00 

7.05 

2.08  00 

7.09 

3.21  00 

18.39 

80 

690 

5.33 

6.21-01 

6.35 

1.20  00 

7.09 

2.01  00 

7.23 

3.11  00 

17.97 

81 

707 

5.33 

5.97-01 

6.35 

1.16  00 

7.13 

1.95  00 

7.35 

3.02  00 

17.54 

82 

725 

5.32 

5.71-01 

6.36 

1.11  00 

7.16 

1.87  00 

7.46 

2.90  00 

17.10 

83 

742 

5.32 

5.48-01 

6.36 

1.07  00 

7.19 

1.80  00 

7.56 

2.80  00 

16.71 

84 

760 

5.31 

5.24-01 

6.36 

1.02  00 

7.22 

1.74  00 

7.65 

2.71  00 

16.31 

85 

779 

5.31 

5.02-01 

6.37 

9.80-01 

7.24 

1.67  00 

7.73 

2.61  00 

15.92 

86 

798 

5.30 

4.80-01 

6.37 

9.40-01 

7.26 

1.60  00 

7.81 

2.51  00 

15.54 

87 

818 

5.30 

4.59-01 

6.37 

9.01-01 

7.28 

1.54  00 

7.88 

2.41  00 

15.16 

88 

838 

5.29 

4.39-01 

6.37 

8.64-01 

7.30 

1.48  00 

7.94 

2.31  00 

14.79 

89 

858 

5.29 

4.20-01 

6.36 

8.29-01 

7.32 

1.42  00 

8.00 

2.23  00 

14.45 

90 

879 

5,28 

4.01-01 

6.36 

7.95-01 

7.33 

1.36  00 

8,05 

2.15  00 

14.10 

91 

901 

5.27 

3.83-01 

6.36 

7.61-01 

7.34 

1.31  00 

8.09 

2.07  00 

13.76 

92 

923 

5.27 

3,66-01 

6.36 

7.30-01 

7.35 

1.26  00 

8.13 

2.00  00 

13.43 

93 

945 

5,26 

3.50-01 

6.35 

7.00-01 

7.36 

1.21  00 

8.16 

1.93  00 

13.12 

94 

968 

5.25 

3.35-01 

6.35 

6.71-01 

7.36 

1.16  00 

8,19 

1.85  00 

12.81 

95 

992 

5.25 

3.20-01 

6.34 

6.42-01 

7.36 

1.12  00 

8.22 

1.78  00 

12.50 

96 

1016 

5.24 

3.06-01 

6.34 

6.16-01 

7.37 

1.07  00 

8.25 

1,71  00 

12.20 

97 

1041 

5.24 

2.92-01 

6.33 

5.90-01 

7.37 

1.03  00 

8.27 

1.64  00 

11.91 

98 

1067 

5.23 

2.79-01 

6.33 

5.64-01 

7.37 

9.86-01 

8,29 

1.58  00 

11.62 

99 

1093 

5,22 

2.66-01 

6.32 

5.40-01 

7.37 

9.46-01 

8.31 

1.52  00 

11.34 

100 

1119 

5.22 

2.54-01 

6.32 

5.17-01 

7.37 

9,09-01 

8.32 

1.46  00 

11.08 

101 

1147 

5,21 

2.42-01 

6.31 

4.94-01 

7.37 

8.71-01 

8.33 

1.40  00 

10.81 

102 

1175 

5.21 

2.31-01 

6.30 

4.73-01 

7.37 

8.35-01 

8.35 

1.34  00 

10.55 

103 

1204 

5.20 

2.21-01 

6.30 

4.52-01 

7.37 

8.01-01 

8.36 

1.29  00 

10.30 

104 

1233 

5.20 

2.11-01 

6.29 

4.33-01 

7.36 

7.68-01 

8.36 

1.24  00 

10.06 

105 

1263 

5.19 

2.01-01 

6.29 

4.14-01 

7.36 

7.37-01 

8.37 

1.19  00 

9.82 

106 

1294 

5.18 

1.92-01 

6.28 

3.96-01 

7.36 

7.05-01 

8.37 

1.14  00 

9.58 

107 

1326 

5.18 

1.83-01 

6.27 

3.78-01 

7.35 

6.74-01 

8.38 

1.10  00 

9.35 

108 

1358 

5.17 

1.75-01 

6.27 

3.62-01 

7.35 

6.46-01 

8.38 

1.05  00 

9.13 

109 

1392 

5.17 

1.66-01 

6.26 

3.45-01 

7.34 

6.17-01 

8.38 

1.01  00 

8.91 

110 

1426 

5.16 

1.59-01 

6.25 

3.30-01 

7.34 

5.91-01 

8.38 

9.69-01 

8.69 

111 

1460 

5.16 

1.52-01 

6.25 

3.16-01 

7.33 

5.66-01 

8.38 

9.31-01 

8.49 

112 

1496 

5.15 

1.44-01 

6.24 

3.01-01 

7.33 

5.42-01 

8.38 

8.93-01 

8.29 

113 

1533 

5.15 

1.38-01 

6.24 

2.88-01 

7.32 

5.18-01 

8.38 

8.56-01 

8.09 

114 

1570 

5.14 

1.31-01 

6.23 

2.75-01 

7.31 

4.96-01 

8.37 

8.20-01 

7.90 

115 

1609 

5.14 

1.25-01 

6.22 

2.62-01 

7.31 

4.74-01 

8.37 

7.86-01 

7.71 

116 

1648 

5.14 

1.19-01 

6.22 

2.51-01 

7.30 

4.53-01 

8.37 

7.53-01 

7.52 

117 

1688 

5.13 

1.14-01 

6.21 

2.39-01 

7.30 

4.34-01 

8.36 

7.22-01 

7.34 

118 

1730 

5.13 

1.08-01 

6.21 

2.28-01 

7.29 

4.14-01 

8.36 

6.91-01 

7.17 

119 

1772 

5.12 

1.03-01 

6.20 

2.18-01 

7.28 

3.96-01 

8.36 

6.62-01 

7.00 

120 

1815 

5.12 

9.82-02 

6.20 

2.08-01 

7.27 

3.79-01 

8.35 

6.34-01 

6.83 

121 

1860 

5.11 

9.34-02 

6.19 

1.99-01 

7.27 

3.62-01 

8.34 

6.07-01 

6.67 

122 

1905 

5.11 

8.90-02 

6.18 

1.90-01 

7.26 

3.46-01 

8.34 

5.82-01 

6.51 

123 

1952 

5.11 

8.47-02 

6.18 

1.81-01 

7.26 

3.30-01 

8.33 

5.57-01 

6.35 

124 

2000 

5.10 

8.07-02 

6.17 

1.73-01 

7.25 

3.15-01 

8.33 

5.33-01 

6.20 

Ev(E) 

3890. 

3502. 

3003. 

2629. 

gram 

Atomic 

Weight 

10 

.81 

12 

.01 

14 

.01 

16 

.00 

amu 

345 


ATOMIC  SCATTERING  FACTOR,  fi+  if 2 


N 

E(eV) 

F 

fi 

(9) 

Ne 

fi 

(10) 

fz 

Na 

fl 

(11) 

f. 

Mg 

ff 

(12) 

f2 

X(A) 

0 

100 

6.71 

3.95  00 

6.21 

5.50 

00 

6.23 

7.70 

00 

3.73 

7.54 

00 

124.0 

1 

102 

6.78 

3.86  00 

6.36 

5.42 

00 

6.42 

7.58 

00 

4.11 

7.58 

00 

121.5 

2 

104 

6.84 

3.78  00 

6.46 

5.34 

00 

6.59 

7.46 

00 

4.42 

7.66 

00 

119.2 

3 

107 

6.91 

3.67  00 

6.58 

5.23 

00 

6.83 

7.29 

00 

4.84 

7.87 

00 

115.9 

4 

110 

6.98 

3.56  00 

6.72 

5.27 

00 

7.04 

7.14 

00 

5.21 

8.04 

00 

112.7 

5 

112 

7.02 

3.49  00 

6.90 

5.30 

00 

7.16 

7.03 

00 

5.44 

8.15 

00 

110.7 

6 

115 

7.08 

3.39  00 

7.16 

5.15 

00 

7.34 

6.89 

00 

5.76 

8.28 

00 

107.8 

7 

118 

7.13 

3.29  00 

7.35 

4.97 

00 

7.51 

6.75 

00 

6.07 

8.19 

00 

105.1 

8 

121 

7.18 

3.21  00 

7.49 

4.75 

00 

7.67 

6.61 

00 

6.36 

8.10 

00 

102.5 

9 

124 

7.22 

3.12  00 

7.52 

4.55 

00 

7.81 

6.48 

00 

6.64 

7.90 

00 

100.0 

10 

127 

7.26 

3.04  00 

7.56 

4.46 

00 

7.96 

6.36 

00 

6.92 

7.61 

00 

97.6 

11 

130 

7.30 

2.96  00 

7.60 

4.39 

00 

8.10 

6.24 

00 

7.21 

7.34 

00 

95.4 

12 

133 

7.34 

2.88  00 

7.67 

4.32 

00 

8.23 

6.10 

00 

7.50 

7.32 

00 

93.2 

13 

136 

7.37 

2.81  00 

7.74 

4.24 

00 

8.34 

5.97 

00 

7.72 

7.30 

00 

91.2 

14 

140 

7.41 

2.71  00 

7.83 

4.13 

00 

8.48 

5.81 

00 

7.99 

7.26 

00 

88.6 

15 

143 

7.43 

2.64  00 

7.89 

4.05 

00 

8.58 

5.69 

00 

8.18 

7.23 

00 

86.7 

16 

147 

7.46 

2.55  00 

7.96 

3.95 

00 

8.69 

5.53 

00 

8.40 

7.18 

00 

84.3 

17 

150 

7.48 

2.49  00 

8.01 

3.89 

00 

8.77 

5.43 

00 

8.56 

7.13 

00 

82.7 

18 

154 

7.50 

2.41  00 

8.10 

3.79 

00 

8.87 

5.29 

00 

8.75 

7.06 

00 

80.5 

19 

158 

7.53 

2.34  00 

8.17 

3.69 

00 

8.97 

5.16 

00 

8.93 

7.00 

00 

78.5 

20 

162 

7.54 

2.27  00 

8.23 

3.59 

00 

9.06 

5.02 

00 

9.11 

6.92 

00 

76.5 

21 

166 

7.56 

2.20  00 

8.28 

3.49 

00 

9.15 

4.89 

00 

9.27 

6.81 

00 

74.7 

22 

170 

7.57 

2.13  00 

8.33 

3.40 

00 

9.22 

4.77 

00 

9.41 

6.71 

00 

72.9 

23 

174 

7.58 

2.07  00 

8.37 

3.32 

00 

9.28 

4.65 

00 

9.53 

6.61 

00 

71.3 

24 

178 

7.59 

2.01  00 

8.41 

3.24 

00 

9.35 

4.54 

00 

9.65 

6.49 

00 

69.7 

25 

182 

7.60 

1.95  00 

8.46 

3.17 

00 

9.40 

4 .43 

00 

9.76 

6.35 

00 

68.1 

26 

187 

7.61 

1.88  00 

8.51 

3.06 

00 

9.48 

4.30 

00 

9.89 

6.18 

00 

66.3 

27 

191 

7.62 

1.83  00 

8.55 

2.97 

00 

9.54 

4.20 

00 

9.99 

6.05 

00 

64.9 

28 

196 

7.62 

1.77  00 

8.57 

2.88 

00 

9.60 

4.06 

00 

10.10 

5.87 

00 

63.3 

29 

201 

7.63 

1.71  00 

8.60 

2.79 

00 

9.65 

3.93 

00 

10.19 

5.69 

00 

61.7 

30 

206 

7.63 

1.66  00 

8.63 

2.71 

00 

9.69 

3.81 

00 

10.28 

5.52 

00 

6f  .2 

31 

211 

7.63 

1.60  00 

8.66 

2.64 

00 

9.73 

3.69 

00 

10.37 

5.34 

00 

58.8 

32 

216 

7.63 

1.55  00 

8.69 

2.55 

00 

9.76 

3.58 

00 

10.44 

5.16 

00 

57.4 

33 

221 

7.63 

1.50  00 

8.71 

2.47 

00 

9.79 

3.48 

00 

10.51 

4.98 

00 

56.1 

34 

227 

7.63 

1.45  00 

8.73 

2.38 

00 

9.82 

3.36 

00 

10.53 

4.81 

00 

54.6 

35 

232 

7.63 

1.41  00 

8.74 

2.31 

00 

9.84 

3.27 

00 

10.63 

4.68 

00 

53.4 

36 

238 

7.62 

1.36  00 

8.75 

2.23 

00 

9.87 

3.16 

00 

10.69 

4.55 

00 

52.1 

37 

244 

7.62 

1.31  00 

8.76 

2.15 

00 

9.89 

3.06 

00 

10.74 

4.41 

00 

50.8 

38 

250 

7.61 

1.27  00 

8.77 

2.08 

00 

9.91 

2.96 

00 

10.79 

4.29 

00 

49.6 

39 

256 

7.61 

1.22  00 

8.78 

2.01 

00 

9.92 

2.87 

00 

10.83 

4.17 

00 

48.4 

40 

262 

7.60 

1.19  00 

8.78 

1.95 

00 

9.93 

2.78 

00 

10.87 

4.06 

00 

47.3 

41 

269 

7.59 

1.14  00 

8.78 

1.88 

00 

9.95 

2.68 

00 

10.90 

3.95 

00 

46.1 

42 

275 

7.58 

1.11  00 

8.79 

1.82 

00 

9.95 

2.60 

00 

10.93 

3.86 

00 

45.1 

43 

282 

7.57 

1.07  00 

8.79 

1.75 

00 

9.96 

2.52 

00 

10.96 

3.76 

00 

44.0 

44 

289 

7.56 

1.03  00 

8.79 

1.69 

00 

9.97 

2.43 

00 

10.99 

3.67 

00 

42.9 

45 

296 

7.55 

9.95-01 

8.79 

1.63 

00 

9.97 

2.35 

00 

11.01 

3.58 

00 

41.9 

46 

303 

7.54 

9.62-01 

8.78 

1.57 

00 

9.97 

2.28 

00 

11.03 

3.50 

00 

40.9 

47 

311 

7.52 

9.25-01 

8.77 

1.51 

00 

9.97 

2.20 

00 

11.05 

3.39 

00 

39.9 

48 

318 

7.51 

8.96-01 

8.77 

1.46 

00 

9.98 

2.13 

00 

11.07 

3.29 

00 

39.0 

49 

326 

7.49 

8.63-01 

8.76 

1.40 

00 

9.97 

2.06 

00 

11.08 

3.19 

00 

38.0 

50 

334 

7.48 

8.33-01 

8.75 

1.35 

00 

9.97 

1.99 

00 

11.09 

3.08 

00 

37.1 

51 

342 

7.46 

8.04-01 

8.74 

1.31 

00 

9.97 

1.92 

00 

11.10 

2.99 

00 

36.3 

52 

351 

7.44 

7.73-01 

8.72 

1.25 

00 

9.96 

1.85 

00 

11.10 

2.89 

00 

35.3 

53 

359 

7.42 

7.48-01 

8.71 

1.21 

00 

9.96 

1.79 

00 

11.11 

2.80 

00 

34.5 

54 

368 

7.40 

7.21-01 

8.70 

1.17 

00 

9.95 

1.73 

00 

11.11 

2.71 

00 

33.7 

55 

377 

7.38 

6.95-01 

8.68 

1.12 

00 

9.94 

1.67 

00 

11.11 

2.63 

00 

32.9 

56 

386 

7.35 

6.71-01 

8.67 

1.08 

00 

9.93 

1.61 

00 

11.11 

2.55 

00 

32.1 

57 

396 

7.33 

6.46-01 

8.65 

1.04 

00 

9.92 

1.55 

00 

11.11 

2.45 

00 

31.3 

58 

406 

7.30 

6.22-01 

8.64 

9.97- 

-01 

9.91 

1.49 

00 

11.10 

2.35 

00 

30.5 

59 

415 

7.27 

6.02-01 

8.62 

9.61- 

-01 

9.90 

1.45 

00 

11.10 

2.28 

00 

29.9 

60 

426 

7.24 

5.79-01 

8.60 

9.21- 

-01 

9.88 

1.39 

00 

11.09 

2.19 

no 

29.1 

61 

436 

7.21 

5.59-01 

8.58 

8.86- 

■01 

9.87 

1.34 

00 

11.08 

2.11 

00 

28.4 

62 

447 

7.17 

5.38-01 

8.55 

8.50- 

•01 

9.85 

1.29 

CO 

11.07 

2.03 

00 

27.7 

63 

458 

7.14 

5.18-01 

8.53 

8.16- 

-01 

9.84 

1.25 

00 

11.07 

1.96 

00 

27.1 

64 

469 

7.10 

5.00-01 

8.50 

7.85- 

-01 

9.82 

1.20 

00 

11.05 

1.88 

00 

26.4 

346 


F  (9) 
Fluorine 


Ne  (10) 
Neon 


Na  (11)  Mg  (12) 

Sodium  Magnesium 


_N 

E(eV) 

f2 

fl 

fj 

fl 

fz 

fl 

f2 

1(A) 

65 

480 

7 

05 

4 

.83 

-01 

8.48 

7 

.55- 

■01 

9.81 

1 

.16 

00 

11 

.04 

1 

.81 

00 

25 

.83 

66 

492 

7 

00 

4 

.65-01 

8.45 

7 

.24- 

-01 

9.79 

1 

.12 

00 

11 

.03 

1 

.74 

00 

25 

.20 

67 

504 

6 

95 

4 

.48 

-01 

8.42 

6 

.96- 

-01 

9.77 

1 

.08 

00 

11 

.02 

1 

.68 

00 

24 

.60 

68 

516 

6 

89 

4 

.32 

-01 

8.39 

6 

.69- 

-01 

9.75 

1 

.04 

00 

11 

.00 

1 

.61 

00 

24 

.03 

69 

529 

6 

82 

4 

15 

-01 

8.35 

6 

.42- 

■01 

9.73 

9 

.99 

-01 

10 

.99 

1 

.55 

00 

23 

.44 

70 

542 

6 

75 

4 

00 

-01 

8.32 

6 

.16- 

•01 

9.71 

9 

.62 

-01 

10 

97 

1 

49 

00 

22 

.87 

71 

555 

6 

66 

3 

85 

-01 

8.28 

5 

.93- 

•01 

9.68 

9 

.27 

-01 

10 

96 

1 

.44 

00 

22 

.34 

72 

569 

6 

56 

3 

71 

-01 

8.24 

5 

.68- 

•01 

9.66 

8 

.91- 

■01 

10 

94 

1 

.38 

00 

21 

.79 

73 

583 

6 

44 

3 

.57 

-01 

8.20 

5 

.46- 

-01 

9.63 

8 

.58- 

-01 

10 

92 

1 

32 

00 

21 

.27 

74 

597 

6 

30 

3 

44. 

■01 

8.15 

5 

.25- 

•01 

9.61 

8 

.26- 

■01 

10 

90 

1 

27 

00 

20 

.77 

75 

612 

6 

12 

3 

31 

-01 

8.10 

5 

.04- 

•01 

9.58 

7 

.98- 

-01 

10 

88 

1 

22 

00 

20 

.26 

76 

627 

5 

89 

3 

18 

-01 

8.04 

4 

.84- 

•01 

9.55 

7 

.72- 

-01 

10 

86 

1 

.17 

00 

19 

.77 

77 

642 

5 

58 

3 

06 

-01 

7.99 

4 

.65- 

-01 

9.52 

7 

.44 

-01 

10 

83 

1 

13 

00 

19 

.31 

78 

658 

5 

00 

2 

95 

-01 

7.92 

4 

.45- 

-01 

9.49 

7 

.11 

-01 

10 

81 

1 

08 

00 

18 

.84 

79 

674 

4 

17 

2 

.84 

-01 

7.84 

4 

.26- 

-01 

9.45 

6 

.80 

-01 

10 

.79 

1 

.03 

00 

18 

.39 

80 

690 

2 

36  K 

4 

.22 

00 

7.76 

4 

.11- 

-01 

9.42 

6 

.55 

-01 

10 

.76 

9 

.94 

-01 

17 

.97 

81 

707 

5 

01 

4 

.09 

00 

7.66 

3 

.97- 

-01 

9.38 

6 

.31 

-01 

10 

.74 

9 

.58 

-01 

17 

.54 

82 

725 

5 

81 

3 

98 

00 

7.54 

3 

.81- 

-01 

9.34 

6 

.05 

-01 

10 

.71 

9 

.17 

-01 

17 

.10 

83 

742 

6 

38 

3 

93 

00 

7.42 

3 

.67- 

■01 

9.29 

5 

.81- 

-01 

10 

68 

8 

81 

-01 

16 

.71 

84 

760 

6 

82 

3 

84 

00 

7.26 

3 

.53- 

■01 

9.24 

5 

.58- 

-01 

10 

65 

8 

46 

-01 

16 

.31 

85 

779 

7 

21 

3 

71 

00 

7.06 

3 

.40- 

•01 

9.19 

5 

.35 

-01 

10 

62 

8 

10 

-01 

15 

.92 

86 

798 

7 

50 

3 

57 

00 

6.78 

3 

.26- 

■01 

9.13 

5 

.13 

-01 

10 

59 

7 

77 

-01 

15 

.54 

87 

818 

7 

73 

3 

43 

00 

6.40 

3 

.13- 

•01 

9.06 

4 

.91 

-01 

10 

55 

7 

44 

-01 

15 

.16 

88 

838 

7 

92 

3 

30 

00 

5.65 

3 

.00- 

-01 

8.99 

4 

.71 

-01 

10 

51 

7 

14 

-01 

14 

.79 

89 

858 

3 

08 

3 

19 

00 

3.62  K  2 

.88- 

■01 

8.91 

4 

.52 

-01 

10 

.47 

6 

85 

-01 

14 

.45 

90 

379 

8 

22 

3 

08 

00 

4.07 

4 

.45 

00 

8.81 

4 

.34 

-01 

10 

43 

6 

57 

-01 

14 

.10 

91 

901 

8 

35 

2 

98 

00 

6.42 

4 

.29 

00 

8.70 

4 

.16 

-01 

10 

.39 

6 

.29 

-01 

13 

.76 

92 

923 

8 

46 

2 

38 

00 

7.17 

4 

.14 

00 

8.57 

3 

.99 

-01 

10 

.34 

6 

.04 

-01 

13 

.43 

93 

945 

8 

57 

2 

78 

00 

7.68 

4 

.00 

00 

8.42 

3 

.82 

-01 

10 

28 

5 

80 

-01 

13 

.12 

94 

968 

8 

66 

2 

69 

00 

8.09 

3 

.86 

00 

8.21 

3 

.65 

-01 

10 

22 

5 

.56 

-01 

12 

.81 

95 

992 

8 

75 

2 

.59 

00 

8.40 

3 

.73 

00 

7.93 

3 

.49 

-01 

10 

16 

5 

.33 

-01 

12 

.50 

96 

1016 

8 

83 

2 

50 

00 

8.67 

3 

.60 

00 

7.57 

3 

.34 

-01 

10 

09 

5 

11 

-01 

12 

.20 

97 

1041 

8 

89 

2 

41 

00 

8.90 

3 

.46 

00 

6.91 

3 

.19- 

-01 

10 

01 

4 

90 

■01 

11 

.91 

98 

1067 

8 

95 

2 

32 

00 

9.08 

3 

.33 

00 

4.21  K  3 

05- 

•01 

9 

91 

4 

69 

■01 

11 

.62 

99 

1093 

9 

01 

2 

23 

00 

9.24 

3 

.20 

00 

5.55 

4 

42 

00 

9 

80 

4 

50 

■01 

11 

.34 

100 

1119 

9 

15 

2 

15 

00 

9.38 

3 

.09 

00 

7.82 

4 

.26 

00 

9 

68 

4 

32 

■01 

11 

.08 

101 

1147 

0 

0 

2 

07 

00 

9.51 

2 

.97 

00 

8.46 

4 

10 

00 

9 

52 

4 

14 

01 

10 

.81 

102 

1175 

l4 

2 

00 

00 

9.62 

2 

.86 

00 

8.94 

3 

95 

00 

9 

32 

3 

97 

■01 

10 

.55 

103 

1204 

c 

17 

1 

92 

00 

9.71 

2 

.75 

00 

9.30 

3 

.80 

00 

9 

04 

3 

80 

■01 

10 

.30 

104 

1233 

9 

21 

1 

85 

00 

9.79 

2 

.65 

00 

9.57 

3 

.66 

00 

8 

69 

3 

65 

■01 

10 

.06 

105 

1263 

9 

23 

1 

78 

00 

9.87 

2 

.55 

00 

9.80 

3 

.52 

00 

8 

02 

3 

50 

■01 

9 

.82 

106 

1294 

9 

26 

1 

71 

00 

9.94 

2 

.45 

00 

10.00 

3 

.39 

00 

5 

42  K  3 

35 

■01 

9 

.58 

107 

1326 

9 

28 

1 

64 

00 

10.00 

2 

.36 

00 

10.17 

3 

.26 

00 

6 

97 

4 

36 

00 

9 

.35 

108 

1358 

9 

30 

1 

58 

00 

10.05 

2 

.27 

00 

10.31 

3 

.14 

00 

8 

89 

4 

21 

00 

9 

.13 

109 

1392 

9 

32 

1 

52 

00 

10.10 

2 

.18 

00 

10.45 

3 

.02 

00 

9 

52 

4 

05 

00 

8 

.91 

no 

1426 

9 

33 

1 

46 

00 

10.14 

2 

.10 

00 

10.56 

2 

.91 

00 

10 

01 

3 

91 

00 

8 

.69 

111 

1460 

9 

35 

1 

40 

00 

10.18 

2 

.02 

00 

10.66 

2 

.81 

00 

10 

35 

3 

78 

00 

8 

.49 

112 

1496 

9 

36 

1 

35 

00 

10.22 

1 

.94 

00 

10.75 

2 

.70 

00 

10 

64 

3 

65 

00 

8 

.29 

113 

1533 

9 

36 

1 

29 

00 

10.25 

1 

.86 

00 

10.83 

2 

.60 

00 

10 

86 

3 

52 

00 

8 

.09 

114 

1570 

9 

37 

1 

24 

00 

10.27 

1 

.79 

00 

10.90 

2 

50 

00 

11 

05 

3 

40 

00 

7 

.90 

115 

1609 

9 

38 

1 

19 

00 

10.30 

1 

.72 

00 

10.97 

2 

.41 

00 

11 

22 

3 

28 

00 

7 

.71 

116 

1648 

9 

38 

1 

14 

00 

10.32 

1 

.65 

00 

11.03 

2 

.32 

00 

11 

37 

3 

16 

00 

7 

.52 

117 

1688 

9 

39 

1 

09 

00 

10.33 

1 

.59 

00 

11.08 

2 

.23 

00 

11 

49 

3 

05 

00 

7 

.34 

118 

1730 

9 

39 

1 

05 

00 

10.35 

1 

.52 

00 

11.13 

2 

.15 

00 

11 

60 

2 

95 

00 

7 

.17 

119 

177? 

9 

39 

1 

01 

00 

10.36 

1 

.46 

00 

11.17 

2 

07 

00 

11 

70 

2 

84 

00 

7 

.00 

120 

1815 

9 

39 

9 

64- 

-01 

10.37 

1 

.40 

00 

11.21 

1 

.99 

00 

11 

79 

2 

73 

00 

6 

.83 

121 

1860 

9 

39 

9 

23 

-01 

10.38 

1 

.35 

00 

11.24 

1 

.91 

00 

11 

87 

2 

63 

00 

6 

.67 

122 

1905 

9 

39 

8 

85 

-01 

10.39 

1 

.29 

00 

11.26 

1 

.83 

00 

11 

94 

2 

53 

00 

6 

.51 

123 

1952 

9 

39 

8 

48 

-01 

10.40 

1 

.24 

00 

11.29 

1 

.76 

00 

12 

00 

2 

43 

00 

6 

.35 

124 

2000 

9 

38 

8 

.13- 

■01 

10.40 

1 

.19 

00 

11.31 

1 

.69 

00 

12 

06 

2 

34 

00 

6 

.20 

Ey(E) 

Atomic 

Weight 


2214. 

19.00 


2084. 

20.18 


1829. 

22.99 


1730. 


keV-cm^ 

gram 


24.31  amu 


348 


A1  (13)  Si  (14)  P  (15)  S  (16) 


_N 

E(eV) 

Aluminum 
fl  f2 

Silicon 
f  1  f  2 

Phosphorus 
fl  fl 

_J 

Sulfur 

fl 

fl 

X(A) 

65 

480 

12 

.24 

2 

.59 

00 

13, 

.35 

3. 

.26 

00 

14. 

.21 

4, 

.60 

00 

15, 

.04 

5 

.85 

00 

25 

.83 

66 

492 

12 

.25 

2 

.50 

00 

13 

.36 

3. 

.14 

00 

14 

.25 

4, 

.45 

00 

15, 

.11 

5 

.66 

00 

25 

.20 

67 

504 

12 

.25 

2 

.41 

00 

13 

.36 

3 

.03 

00 

14. 

.28 

4 

.30 

00 

15, 

.18 

5 

.49 

00 

24 

.60 

68 

516 

12, 

.25 

2 

.32 

00 

13 

.36 

2. 

.93 

00 

14, 

.30 

4. 

.17 

00 

15, 

.23 

5 

.32 

00 

24 

.03 

69 

529 

12 

.24 

2 

.23 

00 

13 

.36 

2, 

.82 

00 

14 

.32 

4. 

.03 

00 

15, 

.28 

5 

.15 

00 

23 

.44 

70 

542 

12 

.24 

2 

.15 

00 

13, 

.36 

2. 

.72 

00 

14, 

.34 

3 

.89 

00 

15, 

.32 

4. 

.99 

00 

22 

.87 

71 

555 

12, 

.23 

2 

.07 

00 

13, 

.36 

2. 

.63 

00 

14, 

.35 

3 

.76 

00 

15, 

.37 

4 

.84 

00 

22 

.34 

72 

569 

12, 

.23 

1 

.99 

00 

13, 

.35 

2, 

.53 

00 

14, 

.37 

3, 

.61 

00 

15, 

.39 

4, 

.67 

00 

21 

.79 

73 

583 

12, 

.22 

1 

.92 

00 

13 

.34 

2. 

.44 

00 

14, 

.37 

3, 

.48 

00 

15, 

.43 

4 

.51 

00 

21 

.27 

74 

597 

12, 

.21 

1 

.84 

00 

13, 

.33 

2. 

.35 

00 

14, 

.38 

3, 

.37 

00 

15, 

.45 

4, 

.37 

00 

20 

.77 

75 

612 

12, 

.20 

1 

.77 

00 

13, 

.32 

2. 

.27 

00 

14, 

.38 

3, 

.25 

00 

15, 

.47 

4 

.22 

00 

20 

.26 

76 

627 

12, 

.18 

1 

.70 

00 

13, 

.31 

2. 

.18 

00 

14, 

.39 

3. 

.14 

00 

15, 

.49 

4, 

.08 

00 

19 

.77 

77 

642 

12 

.17 

1 

.63 

00 

13 

.30 

2, 

.11 

00 

14, 

.38 

3 

.02 

00 

15, 

.51 

3 

.94 

00 

19 

.31 

78 

658 

12, 

.15 

1 

.56 

00 

13, 

.28 

2, 

.03 

00 

14. 

.38 

2, 

.89 

00 

15. 

.51 

3, 

.78 

00 

18 

.84 

79 

674 

12, 

.12 

1 

.49 

00 

13 

.27 

1, 

.95 

00 

14, 

.38 

2, 

.77 

00 

15, 

.53 

3 

.64 

00 

18 

.39 

80 

690 

12, 

.10 

1 

.44 

00 

13, 

.25 

1. 

.88 

00 

14, 

.37 

2, 

.68 

00 

15, 

.53 

3 

.52 

00 

17 

.97 

81 

707 

12, 

.08 

1 

.39 

00 

13, 

.24 

1. 

.81 

00 

14, 

.36 

2, 

.59 

00 

15, 

.54 

3 

.41 

00 

17 

.54 

82 

725 

12, 

.05 

1 

.33 

00 

13, 

.22 

1. 

.74 

00 

.  14, 

,36 

2, 

.49 

00 

15, 

.53 

3 

,27 

00 

17 

.10 

83 

742 

12, 

.03 

1 

.28 

00 

13, 

.20 

1. 

.68 

00 

14, 

,35 

2, 

.40 

00 

15, 

.53 

3, 

.15 

00 

16 

.71 

84 

760 

12, 

.01 

1 

.23 

00 

13, 

.18 

1, 

.62 

00 

14 

.33 

2, 

.31 

00 

15, 

.53 

3, 

.03 

00 

16 

.31 

85 

779 

11, 

.98 

1 

.18 

00 

13 

.16 

1. 

.56 

00 

14, 

.32 

2, 

.22 

00 

15, 

.52 

2 

.91 

00 

15 

.92 

86 

798 

11, 

.96 

1 

.13 

00 

13, 

.14 

1. 

.50 

00 

14, 

,31 

2. 

.13 

00 

15, 

.51 

2, 

.80 

00 

15 

.54 

87 

818 

11, 

.93 

1 

.08 

00 

13 

.12 

1. 

.44 

00 

14. 

,29 

2, 

.04 

00 

15, 

.51 

2, 

.69 

00 

15 

.16 

88 

838 

11, 

.90 

1 

.04 

00 

13 

.10 

1, 

.39 

00 

14, 

.27 

1, 

.96 

00 

15, 

.50 

2 

.59 

00 

14 

.79 

89 

858 

11, 

.87 

9 

.96- 

-01 

13, 

.08 

1, 

.34 

00 

14, 

.26 

1, 

.88 

00 

15, 

.49 

2, 

.49 

00 

14 

.45 

90 

879 

11, 

.84 

9 

.55- 

-01 

13, 

.05 

1. 

.28 

00 

14, 

.24 

1, 

.81 

00 

15, 

.47 

2. 

.39 

00 

14 

.10 

91 

901 

11, 

.81 

9 

.15- 

-01 

13, 

.02 

1, 

.23 

00 

14, 

.22 

1, 

.73 

00 

15, 

.46 

2, 

.30 

00 

13 

.7fj 

92 

923 

11, 

.77 

8 

.77- 

-01 

13 

.00 

1, 

.19 

00 

14, 

.20 

1, 

.67 

00 

15, 

.44 

2, 

.21 

00 

13 

.43 

93 

945 

11, 

.74 

8 

.42- 

-01 

12, 

.97 

1. 

,14 

00 

14, 

.18 

1, 

.60 

00 

15, 

.43 

2, 

.12 

00 

n 

.12 

94 

968 

11, 

.70 

8 

.07- 

-01 

12, 

.95 

1. 

,10 

00 

14, 

.15 

1, 

.54 

00 

15, 

.41 

2, 

.04 

00 

12 

.81 

95 

992 

11, 

.66 

7 

.74- 

-01 

12, 

.92 

1. 

,06 

00 

14, 

.13 

1, 

.48 

00 

15, 

.39 

1, 

,96 

00 

12 

.50 

96 

1016 

11. 

.62 

7 

.42- 

-01 

12, 

.89 

1, 

,02 

00 

14, 

.11 

1, 

.42 

00 

15, 

.38 

1 

.88 

00 

12 

.20 

97 

1041 

11. 

.58 

7 

.13- 

-01 

12, 

.86 

9. 

.76 

01 

14, 

.08 

1, 

.36 

00 

15, 

.36 

1 

.81 

00 

11 

.91 

98 

1067 

11. 

.53 

6 

.83- 

-01 

12, 

.82 

9, 

.38 

01 

14, 

.06 

1, 

,30 

00 

15, 

.33 

1 

.73 

00 

11 

.62 

99 

1093 

11. 

.48 

6 

.54- 

-01 

12, 

.79 

9, 

.02 

01 

14, 

,03 

1, 

.25 

00 

15, 

.31 

1. 

.66 

00 

11 

.34 

100 

1119 

11, 

.43 

6 

.28- 

-01 

12, 

.76 

8. 

,67 

01 

14, 

.00 

1 

.20 

00 

15, 

.28 

1, 

.60 

00 

11 

.08 

101 

1147 

11. 

.37 

6 

.01- 

-01 

12, 

.72 

8. 

.33 

01 

13, 

.97 

1, 

.15 

00 

15, 

.26 

1, 

.53 

00 

10, 

.81 

102 

1175 

11, 

.30 

5 

.76- 

-01 

12, 

.68 

8. 

.00 

01 

13, 

.94 

1 

.11 

00 

15, 

.24 

1, 

,47 

00 

10, 

.55 

103 

1204 

11, 

.23 

5 

.52- 

-01 

12, 

.64 

7, 

,69 

01 

13. 

.91 

1, 

.06 

00 

15 

.21 

1 

.41 

00 

10, 

.30 

104 

1233 

11, 

.15 

5 

.29- 

-01 

12, 

.60 

7. 

.39 

01 

13, 

.88 

1, 

.02 

00 

15, 

.19 

1 

.35 

00 

10, 

.06 

105 

1263 

11. 

.06 

5 

.08- 

-01 

12, 

.55 

7. 

.10 

01 

13, 

.85 

9. 

.76- 

-01 

15, 

.16 

1 

.30 

00 

9. 

.82 

106 

1294 

10, 

.96 

4 

.87- 

-01 

12 

.50 

6. 

.82 

01 

13, 

.82 

9 

.36- 

-01 

15, 

.13 

1, 

.25 

00 

9 

.58 

107 

1326 

10, 

.84 

4 

.67- 

-01 

12, 

.45 

6. 

,55 

01 

13, 

.78 

8. 

,98- 

-01 

15, 

.10 

1 

.20 

00 

9 

.35 

108 

1358 

10. 

.70 

4 

.49- 

-01 

12, 

.39 

6. 

.29 

01 

13, 

.74 

8. 

.62- 

-01 

15, 

.07 

1, 

.15 

00 

9 

.13 

109 

1392 

10, 

.52 

4 

.30- 

-01 

12 

.33 

6. 

,03 

01 

13, 

.70 

8 

.27- 

-01 

15, 

.04 

1, 

.10 

00 

8 

.91 

110 

1426 

10, 

.29 

4 

.13- 

-01 

12, 

.25 

5, 

.79 

01 

13. 

.66 

7, 

.93- 

-01 

15, 

.01 

1, 

.06 

00 

8 

.69 

111 

1460 

10. 

.00 

3 

.97- 

-01 

12, 

.18 

5. 

,57 

01 

13, 

.61 

7, 

.62- 

-01 

14, 

.98 

1, 

.02 

00 

8 

.49 

112 

1496 

9, 

.54 

3 

.80- 

-01 

12, 

.09 

5, 

,34 

01 

13, 

.56 

7, 

.31- 

-01 

14, 

.94 

9 

.76 

01 

8 

.29 

113 

1533 

7, 

.75 

3 

.63- 

-01 

11, 

.98 

5. 

.11 

01 

13, 

.51 

7, 

.02- 

-01 

14, 

.90 

9 

.37 

01 

8 

.09 

114 

1570 

6. 

.66  K 

4 

.13 

00 

11, 

.86 

4. 

,90 

01 

13. 

,45 

6. 

.75- 

-01 

14. 

.86 

9, 

.02 

01 

7 

.90 

115 

1609 

9. 

.49 

4 

.00 

00 

11, 

.72 

4. 

,69 

01 

13, 

.39 

6. 

.48- 

-01 

14, 

.82 

8. 

.66 

01 

7 

.71 

116 

1648 

10, 

.23 

3 

.87 

00 

11, 

.54 

4. 

,49 

01 

13, 

.33 

6. 

.23- 

•01 

14. 

.78 

8. 

.33 

01 

7 

.52 

117 

1688 

10, 

.84 

3 

.74 

00 

11, 

.30 

4. 

.30 

01 

13, 

,25 

5. 

.99- 

•01 

14, 

.74 

8 

.01 

01 

7 

.34 

118 

1730 

11, 

.24 

3 

.62 

00 

10, 

.98 

4. 

,12 

01 

13, 

.16 

5, 

.75- 

■01 

14. 

.70 

7, 

.69 

01 

7 

.17 

119 

1772 

11, 

.54 

3 

.49 

00 

10, 

.47 

3. 

.94 

01 

13, 

.07 

5, 

.51- 

■01 

14. 

.64 

7, 

.39 

01 

7 

.00 

120 

1815 

11. 

.79 

3 

.37 

00 

8, 

.48 

3. 

,76- 

-01 

12, 

.95 

5, 

.29- 

■01 

14. 

.58 

7. 

.09 

01 

6 

.83 

121 

1860 

11, 

.97 

3 

.25 

00 

6 

.85  K 

4. 

,09 

00 

12, 

.81 

5, 

.06- 

■01 

14, 

.52 

6. 

.79 

01 

6 

.67 

122 

1905 

12, 

.12 

3 

.14 

00 

8, 

.20 

3. 

,96 

00 

12. 

.65 

4. 

.86- 

■01 

14, 

.45 

6. 

.52 

01 

6 

.51 

123 

1952 

12 

.28 

3 

.03 

00 

9 

.61 

3. 

.83 

00 

12, 

.36 

4. 

.65- 

-01 

14. 

.38 

6. 

.25 

01 

6 

.35 

124 

2000 

12 

.44 

2 

.92 

00 

11, 

.06 

3. 

.70 

00 

12. 

.07 

4. 

.46- 

•01 

14, 

.30 

5, 

.99 

01 

6 

.20 

Ep(E) 

*2 

1559. 

1497. 

1358. 

1312. 

keV-cm* 

gram 

Atomic 

Weight 

26. 

98 

28. 

09 

30 

.97 

32 

.06 

anu 

T 


349 


Mk 


ATOMIC  SCATTERING  FACTOR,  fi+  if 2 


Cl 

(17) 

Ar 

(18) 

K  (19) 

Ca  (20) 

N 

E(eV) 

fi 

fz 

fi 

fz 

fi 

fz 

fi 

fz 

A  (A) 

0 

100 

5.59 

1.50 

6.21 

1.82 

6.97 

2.10 

7.89 

2.30 

124.0 

1 

102 

5.59 

1.50 

6.26 

1.90 

7.01 

2.11 

7.94 

2.30 

121.5 

2 

104 

5.58 

1.49 

6.30 

1.88 

7.04 

2.11 

7.98 

2.30 

119.2 

3 

107 

5.57 

1.48 

6.33 

1.86 

7.09 

2.12 

8.04 

2.30 

115.9 

4 

110 

5.55 

1.47 

6.33 

1.85 

7.12 

2.12 

8.10 

2.30 

112.7 

5 

112 

5.53 

1.46 

6.32 

1.85 

7.14 

2.13 

8.13 

2.31 

110.7 

6 

115 

5.50 

1.45 

6.33 

1.93 

7.18 

2.13 

8.18 

2.32 

107.8 

7 

118 

5.46 

1.45 

6.38 

1.86 

7.20 

2.14 

8.23 

2.33 

105.1 

8 

121 

5.42 

1.44 

6.37 

1.86 

7.23 

2.15 

8.28 

2.34 

102.5 

9 

124 

5.37 

1.43 

6.36 

1.89 

7.26 

2.15 

8.32 

2.35 

100.0 

10 

127 

5.32 

1.42 

6.37 

1.88 

7.28 

2.16 

8.37 

2.35 

97.6 

11 

130 

5.26 

1.41 

6.36 

1.88 

7.31 

2.16 

8.42 

2.36 

95.4 

12 

133 

5.20 

1.40 

6.36 

1.88 

7.34 

2.15 

8.47 

2.37 

93.2 

13 

136 

5.13 

1.38 

6.36 

1.87 

7.36 

2.14 

8.51 

2.37 

91.2 

14 

140 

5.02 

1.36 

6.33 

1.85 

7.37 

2.13 

8.56 

2.38 

88.6 

15 

143 

4.92 

1.35 

6.31 

1.84 

7.38 

2.11 

8.59 

2.39 

86.7 

16 

147 

4.78 

1.33 

6.28 

1.82 

7.38 

2.10 

8.62 

2.40 

84.3 

17 

150 

4.66 

1.32 

6.25 

1.81 

7.38 

2.09 

8.65 

2.41 

82.7 

18 

154 

4.49 

1.30 

6.20 

1.79 

7.37 

2.08 

8.68 

2.39 

80.5 

19 

158 

4.28 

1.29 

6.14 

1.76 

7.36 

2.06 

8.71 

2.37 

78.5 

20 

162 

4.06 

1.27 

6.07 

1.74 

7.35 

2.04 

8.74 

2.35 

76.5 

21 

166 

3.81 

1.25 

5.99 

1.71 

7.33 

2.02 

8.76 

2.33 

74.7 

22 

170 

3.50 

1.23 

5.89 

1.69 

7.30 

2.00 

8.77 

2.32 

72.9 

23 

174 

3.14 

1.21 

5.79 

1.67 

7.26 

1.98 

8.78 

2.30 

71.3 

24 

178 

2.73 

1.19 

5.67 

1.65 

7.22 

1.96 

8.78 

2.29 

69.7 

25 

182 

2.22 

1.17 

5.54 

1.64 

7.17 

1.94 

8.78 

2.28 

68.1 

26 

187 

1.35 

1.15 

5.36 

1.61 

7.10 

1.91 

8,77 

2.25 

66.3 

27 

191 

0.52 

1.13 

5.19 

1.59 

7.04 

1.89 

8.77 

2.24 

64.9 

28 

196 

-1.47 

1.11 

4.95 

1.56 

6.95 

1.87 

8.75 

2.21 

63.3 

29 

201 

-7.71 

L  1.09 

4.67 

1.54 

6.85 

1.84 

8.72 

2.19 

61.7 

30 

206 

-4.62 

9.79 

4.35 

1.52 

6.73 

1.81 

8.69 

2.16 

60.2 

31 

211 

-1.13 

11.17 

3.97 

1.49 

6.60 

1.79 

8.66 

2.14 

58.8 

32 

216 

0.82 

11.49 

3.49 

1.47 

6.45 

1.76 

8.61 

2.11 

57.4 

33 

221 

2.07 

11.52 

2.94 

1.45 

6.29 

1.73 

8.55 

2.08 

56.1 

34 

227 

3.23 

11.56 

2.05 

1.43 

6.07 

1.70 

8.48 

2,04 

54.6 

35 

232 

4.00 

11.59 

0.88 

1.41 

5.85 

1.68 

8.40 

2.02 

53.4 

36 

238 

4.76 

11.63 

-2.15 

1.39 

5.56 

1.65 

8.31 

1.98 

52.1 

37 

244 

5.44 

11.66 

-8.20 

L  1.37 

5.22 

1.62 

8.19 

1.95 

50.8 

38 

250 

6.07 

11.70 

-1.96 

12.30 

4.82 

1.59 

8.07 

1.92 

49.6 

39 

256 

6.64 

11.73 

0.65 

12.23 

4.33 

1.56 

7.92 

1.90 

48.4 

40 

262 

7.19 

11.77 

2.55 

12.16 

3.76 

1.53 

7.75 

1.87 

47.3 

41 

269 

7.84 

11.81 

3.97 

12.08 

2.91 

1.50 

7.54 

1.84 

46.1 

42 

275 

8.42 

11.84 

4.85 

12.01 

1.89 

1.47 

7.33 

1.81 

45.1 

43 

282 

9.08 

11.70 

5.71 

11.94 

-0.09 

1.44 

7.04 

1.78 

44.0 

44 

289 

9.65 

11.49 

6.45 

11.86 

-3.00 

1.41 

6.71 

1.76 

42.9 

45 

296 

10.13 

11.29 

7.08 

11.79 

-10.45  L 

30.98 

6.33 

1.73 

41.9 

46 

303 

10.54 

11.10 

7.64 

11.73 

-2.91 

26.19 

5.85 

1.71 

40.9 

47 

311 

10.97 

10.89 

8.23 

11.65 

2.11 

21.73 

5.23 

1.68 

39.9 

48 

318 

11.31 

10.72 

8.69 

11.59 

3.82 

18.52 

4.51 

1.65 

39.0 

49 

326 

11.67 

10.52 

9.17 

11.51 

5.25 

15.50 

3.31 

1.63 

38.0 

50 

334 

12.00 

10.34 

9.63 

11.45 

6.42 

14.00 

1.33 

1.60 

37.1 

51 

342 

12.31 

10.16 

10.07 

11.38 

7.41 

13.62 

-2.35 

1.58 

36.3 

52 

351 

12.64 

9.97 

10.52 

11.30 

8.37 

13.22 

-7.24  L 

14.62 

35.3 

53 

359 

12.91 

9.81 

10.91 

11.24 

9.10 

12.88 

0.00 

14.34 

34.5 

54 

368 

13.21 

9.64 

11.34 

11.17 

9.88 

12.90 

3.64 

14.05 

33.7 

55 

377 

13.51 

9.47 

11.76 

11.11 

10.61 

12.97 

5.53 

13.76 

32.9 

56 

386 

13.83 

9.31 

12.23 

11.04 

11.38 

13.04 

6.93 

13.49 

32.1 

57 

396 

14.19 

9.01 

12.76 

10.90 

12.18 

13.02 

8.24 

13.22 

31.3 

58 

406 

14.42 

8.75 

13.21 

10.64 

12.67 

12.68 

9.11 

13.19 

30.5 

59 

415 

14.62 

8.53 

13.54 

10.41 

13.15 

12.38 

9.77 

13.17 

29.9 

60 

426 

14.85 

8.26 

13.91 

10.14 

13.70 

12.04 

10.26 

13.14 

29.1 

61 

436 

15.04 

8.02 

14.22 

9.91 

14.16 

11.74 

10.87 

13.11 

28.4 

62 

447 

15.21 

7.76 

14.52 

9.67 

14.59 

11.44 

11.71 

13.08 

27.7 

63 

458 

15.36 

7.52 

14.81 

9.42 

14.97 

11.12 

12.68 

12.88 

27.1 

64 

469 

15.50 

7.28 

15.06 

9.17 

15.31 

10.81 

13.39 

12.54 

26.4 

Cl 

(17) 

Ar 

(18) 

K  (19) 

Ca 

(20) 

Chlorine 

Argon 

Potas 

slum 

Calcium 

N 

E(eV) 

fi 

f2 

fi 

f2 

X(A) 

65 

480 

15.63 

7.07 

15.28 

8.93 

15.63 

10.52 

14.02 

12.21 

25.83 

66 

492 

15.75 

6.83 

15.49 

8.68 

15.93 

10.21 

14.60 

11.87 

25.20 

67 

504 

15.85 

6.61 

15.69 

8.44 

16.21 

9.92 

15.08 

11.54 

24.60 

68 

516 

15.95 

6.40 

15.87 

8.22 

16.46 

9.64 

15.52 

11.24 

24.03 

69 

529 

16.04 

6.18 

16.05 

7.98 

16.71 

9.35 

15.94 

10.92 

23.44 

70 

542 

16.12 

5.97 

16.22 

7.75 

16.92 

9.07 

16.31 

10.61 

22.87 

71 

555 

16.19 

5.78 

16.38 

7.54 

17.11 

8.80 

16.64 

10.32 

22.34 

72 

569 

16.25 

5.57 

16.53 

7.29 

17.29 

8.50 

16.97 

10.00 

21.79 

73 

583 

16.31 

5.38 

16.65 

7.05 

17.46 

8.23 

17.25 

9.70 

21.27 

74 

597 

16.36 

5.20 

16.76 

6.84 

17.60 

7.98 

17.50 

9.42 

20.77 

75 

612 

16.41 

5.02 

16.87 

6.62 

17.75 

7.72 

17.74 

9.14 

20.26 

76 

627 

16.44 

4.85 

16.97 

6.41 

17.87 

7.48 

17.96 

8.87 

19.77 

77 

642 

16.48 

4.68 

17.06 

6.21 

17.98 

7.24 

18.16 

8.60 

19.31 

78 

658 

16.51 

4.52 

17.15 

5.98 

18.09 

6.97 

18.34 

8.30 

18.84 

79 

674 

16.53 

4.36 

17.21 

5.77 

18.18 

6.72 

18.51 

8.02 

18.39 

80 

690 

16.55 

4.21 

17.26 

5.60 

18.26 

6.53 

18.65 

7.81 

17.97 

81 

707 

16.57 

4.06 

17.32 

5.44 

18.34 

6.34 

18.79 

7.59 

17.54 

82 

725 

16.58 

3.91 

17.39 

5.25 

18.40 

6.11 

18.92 

7.33 

17.10 

83 

742 

16.59 

3.77 

17.44 

5.07 

18.46 

5.91 

19.03 

7.10 

16.71 

84 

760 

16.60 

3.64 

17.49 

4.90 

18.52 

5.71 

19.13 

6.86 

16.31 

85 

779 

16.61 

3.51 

17.54 

4.73 

18.56 

5.51 

19.23 

6.63 

15.92 

86 

798 

16.61 

3.38 

17.58 

4.55 

18.60 

5.31 

19.31 

6.39 

15.54 

87 

818 

16.61 

3.25 

17.61 

4.37 

18.64 

5.12 

19.38 

6.17 

15.16 

88 

838 

16.61 

3.13 

17.63 

4.21 

18.67 

4.94 

19.45 

5.95 

14.79 

89 

858 

16.60 

3.02 

17.64 

4.05 

18.70 

4.76 

19.51 

5.75 

14.45 

90 

879 

16.60 

2.91 

17.65 

3.90 

18.71 

4.59 

19.56 

5.55 

14.10 

91 

901 

16.59 

2.80 

17.66 

3.75 

18.73 

4.43 

19.60 

5.35 

13.76 

92 

923 

16.58 

2.70 

17.66 

3.62 

18.75 

4.27 

19.64 

5.17 

13.43 

93 

945 

16.57 

2.60 

17.66 

3.48 

18.76 

4.15 

19.68 

4.99 

13.12 

94 

968 

16.55 

2.50 

17.66 

3.35 

18.76 

4.05 

19.71 

4.82 

12.81 

95 

992 

16.54 

2.41 

17.66 

3.22 

18.77 

3.94 

19.73 

4.65 

12.50 

96 

1016 

16.52 

2.32 

17.65 

3.10 

18.77 

3.84 

19.75 

4.49 

12.20 

97 

1041 

16.51 

2.23 

17.64 

2.98 

18.77 

3.69 

19.77 

4.32 

11.91 

98 

1067 

16.49 

2.14 

17.63 

2.86 

18.76 

3.54 

19.78 

4.16 

11.62 

99 

1093 

16.47 

2.06 

17.62 

2.75 

18.75 

3.40 

19.79 

4.01 

11.34 

100 

1119 

16.45 

1.98 

17.61 

2.64 

18.75 

3.27 

19.79 

3.86 

11.08 

101 

1147 

16.43 

1.91 

17.59 

2.54 

18.74 

3.14 

19.79 

3.72 

10.81 

102 

1175 

16.41 

1.83 

17.57 

2.44 

18.72 

3.01 

19.79 

3.58 

10.55 

103 

1204 

16.38 

1.76 

17.55 

2.34 

18.71 

2.90 

19.79 

3.45 

10.30 

104 

1233 

16.36 

1.69 

17.53 

2.25 

18.69 

2.78 

19.78 

3.32 

10.06 

105 

1263 

16.34 

1.63 

17.51 

2.16 

18.68 

2.67 

19.78 

3.20 

9.82 

106 

1294 

16.31 

1.57 

17.49 

2.07 

18.66 

2.57 

19.77 

3.08 

9.58 

107 

1326 

16.28 

1.50 

17.46 

1.99 

18.64 

2.47 

19.75 

2.97 

9.35 

108 

1358 

16.26 

1.45 

17.43 

1.91 

18.62 

2.37 

19.74 

2.86 

9.13 

109 

1392 

16.23 

1.39 

17.40 

1.83 

18.60 

2.28 

19.73 

2.75 

8.91 

110 

1426 

16.20 

1.33 

17.37 

1.76 

18.57 

2.19 

19.71 

2.65 

8.69 

111 

1460 

16.17 

1.28 

17.34 

1.69 

18.55 

2.10 

19.69 

2.56 

8.49 

112 

1496 

16.14 

1.23 

17.31 

1.62 

18.53 

2.02 

19.67 

2.46 

8.29 

113 

1533 

16.11 

1.18 

17.28 

1.56 

18.50 

1.94 

19.65 

2.36 

8.09 

114 

1570 

16.08 

1.14 

17.25 

1.50 

18.48 

1.87 

19.63 

2.27 

7.90 

115 

1609 

16.04 

1.10 

17.21 

1.44 

18.45 

1.80 

19.61 

2.17 

7.71 

116 

1648 

16.01 

1.05 

17.18 

1.39 

18.42 

1.73 

19.59 

2.09 

7.52 

117 

1688 

15.97 

1.01 

17.15 

1.33 

18.39 

1.66 

19.56 

2.00 

7.34 

118 

1730 

15.94 

0.98 

17.11 

1.28 

18.36 

1.60 

19.54 

1.92 

7.17 

119 

1772 

15.90 

0.94 

17.08 

1.23 

18.33 

1.53 

19.51 

1.84 

7.00 

120 

1815 

15.86 

0.90 

17.05 

1.18 

18.30 

1.48 

19.49 

1.77 

6.83 

121 

1860 

15.81 

0.87 

17.01 

1.14 

18.27 

1.42 

19.46 

1.69 

6.67 

122 

1905 

15.77 

0.83 

16.97 

1.09 

18.23 

1.36 

19.44 

1.63 

6.51 

123 

1952 

15.72 

0.80 

16.93 

1.05 

18.20 

1.31 

19.41 

1.56 

6.35 

124 

2000 

15.66 

0.77 

16.89 

1.01 

18.16 

1.26 

19.38 

1.50 

6.20 

Eu(E) 

“T7“ 

1186. 

1053. 

1076. 

1049. 

keV-cm* 

gram 

Atomic 

Weight 

35 

.45 

39 

.95 

39 

.09 

40 

.08 

anu 

35X 


ATOMIC  SCATTERING 

FACTOR,  fi+ 

tfj 

Sc 

(21) 

Ti 

(22) 

V  (23) 

Cr 

(24) 

N 

E(eV) 

fi 

f2 

fi 

fz 

fi 

iz 

fi 

iz 

X(A) 

0 

100 

8.50 

2.88 

9.23 

3.46 

9.84 

4.20 

10.55 

5.66 

124.0 

1 

102 

8.56 

2.88 

9.29 

3.44 

9.93 

4.16 

10.65 

5.59 

121.5 

2 

104 

8.62 

2.88 

9.36 

3.43 

10.00 

4.12 

10.75 

5.53 

119.2 

3 

107 

8.69 

2.89 

9.44 

3.41 

10.10 

4.06 

10.88 

5.44 

115.9 

U 

110 

8.76 

2.90 

9.52 

3.40 

10.18 

4.03 

11.02 

5.39 

112.7 

5 

112 

8.80 

2.91 

9.57 

3.40 

10.25 

4.04 

11.11 

5.38 

110.7 

6 

115 

8.87 

2.91 

9.65 

3.41 

10.35 

4.04 

11.22 

5.36 

107.8 

7 

118 

8.93 

2.92 

9.73 

3.41 

10.44 

4.03 

11.36 

5.33 

105.1 

8 

121 

8.99 

2.92 

9.80 

3.40 

10.52 

4.02 

11.47 

5.31 

102.5 

9 

124 

9.05 

2.92 

9.87 

3.40 

10.61 

4.01 

11.58 

5.28 

100.0 

10 

127 

9.11 

2.93 

9.94 

3.40 

10.70 

4.00 

11.70 

5.26 

97.6 

11 

130 

9.18 

2.93 

10.02 

3.40 

10.79 

4.00 

11.82 

5.23 

95.4 

12 

133 

9.25 

2.93 

10.09 

3.40 

10.90 

3.99 

11.91 

5.21 

93.2 

13 

136 

9.30 

2.94 

10.16 

3.39 

10.97 

3.98 

12.04 

5.19 

91.2 

14 

140 

9.37 

2.94 

10.24 

3.39 

11.06 

3.97 

12.17 

5.16 

88.6 

15 

143 

9.42 

2.94 

10.30 

3.39 

11.13 

3.97 

12.26 

5.14 

86.7 

16 

147 

9.47 

2.95 

10.37 

3.39 

11.23 

3.96 

12.36 

5.11 

84.3 

17 

150 

9.52 

2.95 

10.42 

3.39 

11.29 

3.96 

12.45 

5.09 

82.7 

18 

15* 

9.57 

2.93 

10.48 

3.37 

11.36 

3.93 

12.57 

5.05 

80.5 

19 

158 

9.62 

2.91 

10.55 

3.34 

11.44 

3.89 

12.69 

4.99 

78.5 

20 

162 

9.67 

2.88 

10.62 

3.31 

11.52 

3.86 

12.79 

4.93 

76.5 

21 

.  166 

9.72 

2.86 

10.68 

3.28 

11.60 

3.82 

12.90 

4.87 

74.7 

22 

170 

9.76 

2.84 

10.72 

3.25 

11.66 

3.79 

12.98 

4.82 

72.9 

23 

174 

9.79 

2.82 

10.78 

3.23 

11.73 

3.76 

13.05 

4.77 

71.3 

24 

178 

9.82 

2.80 

10.82 

3.21 

11.78 

3.74 

13.14 

4.73 

69.7 

25 

182 

9.84 

2.78 

10.85 

3.19 

11.84 

3.72 

13.20 

4.70 

68.1 

26 

187 

9.87 

2.76 

10.91 

3.16 

11.90 

3.68 

13.31 

4.63 

66.3 

27 

191 

9.89 

2.73 

10.94 

3.14 

11.95 

3.64 

13.38 

4.58 

64.9 

28 

196 

9.91 

2.70 

10.98 

3.10 

12.01 

3.60 

13.47 

4.52 

63.3 

29 

201 

9.92 

2.67 

11.01 

3.07 

12.06 

3.56 

13.54 

4.46 

61.7 

30 

206 

9.93 

2.64 

11.04 

3.03 

12.10 

3.52 

13.61 

4.40 

60.2 

31 

211 

9.93 

2.61 

11.06 

3.00 

12.15 

3.48 

13.67 

4.34 

58.8 

32 

216 

9.93 

2.57 

11.09 

2.96 

12.19 

3.44 

13.73 

4.28 

57.4 

33 

221 

9.92 

2.54 

11.10 

2.92 

12.21 

3.39 

13.79 

4.21 

56.1 

34 

227 

9.90 

2.50 

11.11 

2.88 

12.25 

3.34 

13.85 

4.14 

54.6 

35 

232 

9.87 

2.46 

11.11 

2.84 

12.27 

3.29 

13.90 

4.08 

53.4 

36 

238 

9.84 

2.43 

11.11 

2.80 

12.29 

3.25 

13.95 

4.01 

52.1 

37 

244 

9.80 

2.39 

11.11 

2.75 

12.31 

3.20 

14.00 

3.95 

50.8 

38 

250 

9.75 

2.35 

11.09 

2.71 

12.32 

3.15 

14.04 

3.88 

49.6 

39 

256 

9.69 

2.32 

11.07 

2.68 

12.33 

3.11 

14.07 

3.82 

48.4 

40 

262 

9.62 

2.29 

11.05 

2.64 

12.33 

3.06 

14.10 

3.76 

47.3 

41 

269 

9.53 

2.25 

11.01 

2.60 

12.33 

3.02 

14.13 

3.70 

46.1 

42 

275 

9.44 

2.22 

10.96 

2.56 

12.32 

2.98 

14.16 

3.64 

45.1 

43 

282 

9.32 

2.18 

10.92 

2.52 

12.30 

2.93 

14.16 

3.57 

44.0 

44 

289 

9.19 

2.14 

10.85 

2.47 

12.28 

2.87 

14.19 

3.50 

42.9 

45 

296 

9.03 

2.09 

10.78 

2.43 

12.25 

2.82 

14.19 

3.44 

41.9 

46 

303 

8.86 

2.06 

10.70 

2.38 

12.21 

2.77 

14.20 

3.37 

40.9 

47 

311 

8.64 

2.01 

10.58 

2.33 

12.17 

2.72 

14.17 

3.30 

39.9 

48 

318 

8.41 

1.98 

10.47 

2.29 

12.11 

2.67 

14.19 

3.24 

39.0 

49 

326 

8.11 

1.94 

10.34 

2.25 

12.04 

2.62 

14.17 

3.18 

38.0 

50 

334 

7.77 

1.90 

10.18 

2.21 

11.96 

2.57 

14.15 

3.11 

37.1 

51 

342 

7.38 

1.87 

10.01 

2.17 

11.87 

2.53 

14.12 

3.05 

36.3 

52 

351 

6.81 

1.83 

9.78 

2.13 

11.76 

2.48 

14.08 

2.99 

35.3 

53 

359 

6.19 

1.80 

9.55 

2.0'' 

11.65 

2.44 

14.04 

2.94 

34.5 

54 

368 

5.34 

1.76 

9.26 

2.0. 

11.51 

2.39 

13.98 

2.88 

33.7 

55 

377 

4.09 

1.73 

8.91 

2.01 

11.35 

2.35 

13.92 

2.82 

32.9 

56 

386 

1.91 

1.69 

8.50 

1.97 

11.17 

2.30 

13.84 

2.77 

32.1 

57 

396 

-2.86 

L  1.66 

7.96 

1.93 

10.96 

2.26 

13.73 

2.71 

31.3 

58 

406 

-5.14 

15.45 

7.30 

1.89 

10.68 

2.21 

13.65 

2.64 

30.5 

59 

415 

2.31 

15.14 

6.50 

1.85 

10.42 

2.16 

13.55 

2.59 

29.9 

60 

426 

5.66 

14.78 

5.19 

1.81 

10.03 

2.11 

13.40 

2.52 

29.1 

61 

436 

7.46 

14.47 

3.47 

1.77 

9.63 

2.07 

13.25 

2.46 

28.4 

62 

447 

8.92 

14.14 

-2.62 

1.73 

9.12 

2.02 

13.07 

2.41 

27.7 

63 

458 

9.94 

13.79 

-5.88 

L  15.50 

8.46 

1.97 

12,86 

2.35 

27.1 

64 

469 

10.63 

13.44 

3.13 

15.08 

7.57 

1.93 

12.64 

2.29 

26.4 

« 

A*. 

352 


Sc 

(21) 

Ti 

(22) 

V  (23) 

Cr 

(24) 

Scandium 

Titanium 

Vanadium 

Chromium 

N 

E(eV) 

fi 

f2 

£2 

fi 

fj 

£2 

X(A) 

65 

480 

11.16 

13.11 

6.59 

14.68 

6.44 

1.89 

12.38 

2.24 

25.83 

66 

492 

11.65 

13.38 

8.43 

14.26 

4.58 

1.85 

12.05 

2.18 

25.20 

67 

504 

12.45 

13.64 

9.88 

13.87 

-1.64 

1.81 

11.66 

2.13 

24.60 

68 

516 

13.40 

13.55 

10.95 

13.50 

-6.27  L 

15.74 

11.19 

2.08 

24.03 

69 

529 

14.30 

13.11 

11.75 

13.11 

4.25 

15.27 

10.63 

2.02 

23.44 

70 

542 

14.96 

12.75 

12.20 

12.75 

7.65 

14.82 

9.84 

1.97 

22.87 

71 

555 

15.56 

12.41 

12.67 

12.40 

9.52 

14.40 

8.88 

1.92 

22.34 

72 

569 

16.08 

12.04 

13.70 

13.48 

10.95 

13.94 

7.34 

1.86 

21.79 

73 

583 

16.53 

11.68 

14.69 

13.53 

11.99 

13.85 

4.39 

1.81 

21.27 

74 

597 

16.94 

11.35 

15.51 

13.15 

12.54 

13.89 

-6.97 

L  1.76 

20.77 

75 

612 

17.34 

11.01 

16.23 

12.76 

13.24 

13.94 

2.56 

15.74 

20.26 

76 

627 

17.68 

10.69 

16.78 

12.39 

14.09 

13.99 

8.74 

15.12 

19.77 

77 

642 

17.99 

10.37 

17.27 

12.03 

15.22 

13.88 

10.85 

14.53 

19.31 

78 

658 

18.28 

10.01 

17,74 

11.64 

16.11 

13.42 

11.85 

13.95 

18.84 

79 

674 

18.54 

9.68 

18.14 

11.27 

16.88 

12.98 

12.69 

13.40 

18.39 

80 

690 

18.77 

9.41 

18.51 

10.98 

17.48 

12.64 

14.12 

13.90 

17.97 

81 

707 

19.00 

9.16 

18.88 

10.69 

18.04 

12.31 

15.58 

14.53 

17.54 

82 

725 

19.21 

8.85 

19.18 

10.34 

18.53 

11.92 

16.55 

14.06 

17.10 

83 

742 

19.38 

8.57 

19.44 

10.02 

18.95 

11.58 

17.35 

13.65 

16.71 

84 

760 

19.55 

8.30 

19.70 

9.70 

19.34 

11.23 

18.02 

13.24 

16.31 

85 

779 

19.70 

8.02 

19.95 

9.38 

19 . 72 

10.88 

18.63 

12.82 

15.92 

86 

798 

19.84 

7.75 

20.16 

9.08 

20.05 

10.54 

19.22 

12.42 

15.54 

87 

818 

19.96 

7.48 

20.36 

8.77 

20.35 

10.19 

19.72 

12.03 

15.16 

88 

838 

20.08 

7.22 

20.54 

8.48 

20.62 

9,87 

20.14 

11.65 

14.79 

89 

858 

20.18 

6.98 

20.69 

8.21 

20.87 

9.56 

20.55 

11.29 

14.45 

90 

879 

20.27 

6.74 

20.84 

7.94 

21.09 

9.25 

20.91 

10.94 

14.10 

91 

901 

20.35 

6.50 

20.98 

7.67 

21.30 

8.95 

21.24 

10.58 

13.76 

92 

923 

20.42 

6.28 

21.09 

7.41 

21.49 

8.66 

21.53 

10.25 

13.43 

93 

945 

20.49 

6.06 

21.20 

7.16 

21.65 

8.38 

21.80 

9.92 

13.12 

94 

968 

20.55 

5.85 

21.30 

6.91 

21.81 

8.10 

22.05 

9.60 

12.81 

95 

992 

20.60 

5.64 

21.39 

6.67 

21.95 

7.82 

22.27 

9.27 

12.50 

96 

1016 

20.64 

5.44 

21.46 

6.44 

22.08 

7.56 

22.47 

8.97 

12.20 

97 

1041 

20.68 

5.25 

21.53 

6.22 

22.19 

7.30 

22.63 

8.66 

11.91 

98 

1067 

20.71 

5.06 

21.60 

5.99 

22.29 

7.04 

22.83 

8.35 

11.62 

99 

1093 

20.74 

4.88 

21,65 

5.78 

22.38 

6.79 

22.98 

8.06 

11,34 

100 

1119 

20.76 

4.71 

21.70 

5.58 

22.46 

6.56 

23.11 

7.78 

11.08 

101 

1147 

20.78 

4.53 

21.74 

5.38 

22.54 

6.33 

23.24 

7.51 

10.81 

102 

1175 

20.79 

4.37 

21.77 

5.19 

22.60 

6.11 

23.35 

7.24 

10.55 

103 

1204 

20.80 

4.21 

21.80 

5.00 

22.66 

5.89 

23.43 

6.99 

10.30 

104 

1233 

20.81 

4.06 

21.83 

4.83 

22.71 

5.69 

23.52 

6.75 

10.06 

105 

1263 

20.81 

3.92 

21.84 

4.66 

22.75 

5.49 

23.62 

6.51 

9.82 

106 

1294 

20.81 

3.77 

21.86 

4.48 

22.78 

5.29 

23.69 

6.27 

9.58 

107 

1326 

20.81 

3.63 

21.87 

4.32 

22.81 

5.10 

23.75 

6.05 

9.35 

108 

1358 

20.80 

3.50 

21.88 

4.16 

22.84 

4.92 

23.81 

5.83 

9.13 

109 

1392 

20.79 

3.37 

21.88 

4.01 

22.86 

4.73 

23.85 

5.62 

8.91 

110 

1426 

20.79 

3.25 

21.88 

3.86 

22.87 

4.56 

23.89 

5.41 

8.69 

111 

1460 

20.78 

3.13 

21.88 

3.72 

22.89 

4.40 

23.92 

5.22 

8.49 

112 

1496 

20.76 

3.01 

21.87 

3.58 

22.90 

4.24 

23.94 

5.03 

8.29 

113 

1533 

20.75 

2.90 

21.87 

3.44 

22.90 

4.08 

23.98 

4.83 

8.09 

114 

1570 

20.73 

2.79 

21.86 

3.31 

22.90 

3.93 

24.00 

4.65 

7.90 

115 

1609 

20.71 

2.68 

21.85 

3.18 

22.90 

3.78 

24.02 

4.47 

7.71 

116 

1648 

20.69 

2.58 

21.84 

3.06 

22.89 

3.64 

24.03 

4.30 

7.52 

117 

1688 

20.67 

2.49 

21.82 

2.94 

22.89 

3.50 

24.04 

4.13 

7.34 

118 

1730 

20.65 

2.39 

21.80 

2.83 

22.88 

3.36 

24.04 

3.97 

7.17 

119 

1772 

20.62 

2.30 

21.79 

2.72 

22.87 

3.24 

24.02 

3.82 

7.00 

120 

1815 

20.60 

2.21 

21.77 

2.61 

22.85 

3.11 

24.04 

3.67 

6.83 

121 

1860 

20.57 

2,13 

21.75 

2.51 

22.84 

2.99 

24.04 

3.52 

6.67 

122 

1905 

20.54 

2.04 

21.73 

2.41 

22.82 

2.88 

24.02 

3.38 

6,51 

123 

1952 

20.51 

1.97 

21.70 

2.32 

22.80 

2.76 

24.00 

3.24 

6.35 

124 

2000 

20.48 

1.89 

21.67 

2.22 

22.78 

2.66 

23.98 

3.11 

6.20 

Ep(E) 

935.5 

878.0 

825 

.6 

808.9 

keV-cm* 

gram 

Atomic 

Weight 

44 

.96 

47 

.90 

50.1 

94 

52 

.00 

amu 

353 


f' 


i 


I 


\ 


ATOMIC  SCATTERING  FACTOR,  fi+  if 2 


N 

E(eV) 

Mn 

(25) 

fa 

Fe 

fx 

(26) 

fa 

Co 

fi 

(27) 

fa 

Ni 

fi 

(28) 

f » 

0 

1 

2 

3 

4 

100 

102 

104 

107 

110 

10.07 

10.26 

10.42 

10.63 

10.81 

6.60 

6.43 

6.26 

3.03 

5.92 

9.74 

9.96 

10.15 

10.40 

10.62 

7.91 

7.89 

7.87 

7.84 

7.81 

9.54 

9.68 

9.82 

10.03 

10.24 

8.59 

8.61 

8.64 

8.67 

8.70 

9.19 

9.36 

9.52 

9.76 

10.00 

9.60 

9.64 

9.67 

9.72 

9.77 

A  Kn/ 

124.0 

121.5 

119.2 

115.9 

112.7 

5 

6 

7 

8 

9 

112 

115 

118 

121 

124 

10.93 

11.09 

11.25 

11.40 

11.55 

5.91 

5.91 

5.89 

5.87 

5.85 

10.75 

10.95 

11.15 

11.33 

11.51 

7.79 

7.76 

7.73 

7.70 

7.68 

10.37 

10.58 

10.80 

11.02 

11.24 

8.72 

8.75 

8.78 

8.81 

8.84 

10.16 

10.41 

10.65 

10.90 

11.15 

9.80 

9.85 

9.89 

9.94 

9.98 

110.7 

107.8 
105.1 
102.5 
100.0 

10 

11 

12 

13 

14 

127 

130 

133 

136 

140 

11.70 

11.86 

12.00 

12.13 

12.29 

5.84 

5.82 

5.81 

5.79 

5.77 

11.68 

11.86 

12.05 

12.20 

12.41 

7.65 

7.63 

7.57 

7.52 

7.46 

11.47 

11.73 

11.98 

12.18 

12.44 

8.87 

8.90 

8.85 

8.79 

8.73 

11.41 

11.70 

12.00 

12.22 

12.52 

10.02 

10.07 

10.02 

9.97 

9.91 

97.6 
95.4 

93.2 

91.2 

88.6 

15 

16 

17 

18 
19 

143 

147 

150 

154 

158 

12.41 

12.56 

12.66 

12.80 

12.94 

5.76 

5.74 

5.73 

5.68 

5.62 

12.55 

12.73 

12.86 

13.03 

13.21 

7.41 

7.35 

7.31 

7.25 

7.20 

12.62 

12.86 

13.03 

13.24 

13.46 

8.68 

8.62 

8.57 

8.52 

8.46 

12.73 

13.01 

13.20 

13.45 

13.71 

9.87 

9,81 

9.77 

9.72 

9.66 

86.7 
84.3 

82.7 

80.5 

78.5 

20 

21 

22 

23 

24 

162 

166 

170 

174 

178 

13.08 

13.21 

13.33 

13.43 

13.53 

5.56 

5.50 

5.44 

5.40 

5.36 

13.38 

13.54 

13.68 

13.82 

13.95 

7.13 

7.05 

6.96 

6.89 

6.81 

13,68 

13.89 

14.07 

14.24 

14.40 

8.39 

8.29 

8.21 

8.12 

8.04 

13.97 

14.21 

14.42 

14.63 

14.83 

9.59 

9.50 

9.41 

9.33 

9.25 

76.5 

74.7 
72.9 
71.3 

69.7 

25 

26 

27 

28 

29 

182 

187 

191 

196 

201 

13.63 

13.74 

13.83 

13.94 

14.03 

5.32 

5.25 

5.20 

5.13 

5.06 

14.07 

14.22 

14.34 

14.47 

14.60 

6.74 

6.65 

6.58 

6.48 

6.38 

14.56 

14.75 

14.91 

15.08 

15.24 

7.96 

7.86 

7.78 

7.66 

7.55 

15.02 

15.26 

15.44 

15.66 

15.86 

9.17 

9.07 

8.99 

8.86 

8.74 

68.1 

66.3 
64.9 

63.3 
61.7 

30 

31 

32 

33 

34 

206 

211 

216 

221 

227 

14.13 

14.22 

14.30 

14.37 

14.45 

5.00 

4.94 

4.87 

4.80 

4.72 

14.71 

14.82 

14.93 

15.02 

15.13 

6.29 

6.20 

6.11 

6.01 

5.91 

15.39 

15.54 

15.68 

15.80 

15.94 

7.45 

7.34 

7.23 

7.12 

6.99 

16.06 

16.24 

16.41 

16.57 

16.74 

8.63 

8.51 

8.38 

8.26 

8.11 

60.2 

58.8 

57.4 

56.1 

54.6 

35 

36 

37 

33 

39 

232 

238 

244 

250 

256 

14.51 

14.58 

14.65 

14.71 

14.76 

4 .65 
4.58 
4.50 
4.43 
4.37 

15.21 

15.31 

15.40 

15.48 

15.55 

5.82 

5.73 

5.62 

5.52 

5.42 

16.05 

16.17 

16.29 

16.40 

16.50 

6.89 

6.77 

6.65 

6.53 

6.41 

16.87 

17.04 

17.19 

17.33 

17.45 

8.00 

7.87 

7.73 

7.59 

7.46 

53.4 
52.1 
50.8 
49.6 

48.4 

40 

41 

42 

43 

44 

262 

269 

275 

282 

289 

14.80 

14.85 

14.89 

14.93 

14.96 

4.30 

4.23 

4.17 

4.09 

4.01 

15.61 

15.69 

15.75 

15.80 

15.85 

5.33 

5.23 

5.13 

5.03 

4.93 

16.59 

16.69 

16.77 

16.85 

16.93 

6.30 

6.18 

6.07 

5.94 

5.82 

17.57 

17.70 

17.81 

17.92 

18.02 

7.33 

7.19 

7.06 

6.92 

6.78 

47.3 

46.1 

45.1 
44.0 
42.9 

45 

46 

47 

48 

49 

296 

303 

311 

318 

326 

14.98 

15.00 

15.03 

15.03 

15.04 

3.94 

3,87 

3.79 

3.72 

3.65 

15.90 

15.94 

15.98 

16.00 

16.03 

4.84 

4.74 

4.64 

4.55 

4.45 

17.00 

17.06 

17.13 

17.17 

17.22 

5.71 

5.60 

5.47 

5.37 

5.25 

18.12 

18.21 

18.30 

18.37 

18.45 

6.65 

6.52 

6.37 

6.24 

6.10 

41.9 

40.9 

39.9 
39.0 
38.0 

50 

51 

52 

53 

54 

334 

342 

351 

359 

368 

15.04 

15.03 

15.02 

15.00 

14.97 

3.58 

3.52 

3.45 

3.39 

3.32 

16.05 

16.06 

16.07 

16.07 

16.07 

4.35 

4.26 

4.16 

4.08 

3.98 

17.27 

17.30 

17.34 

17.36 

17.39 

5.14 

5.02 

4.90 

4.80 

4.69 

18.51 

18.57 

18.63 

18.68 

18.72 

5.97 

5.84 

5.70 

5.58 

5.44 

37.1 

36.3 

35.3 
34.5 
33.7 

55 

56 

57 

58 

59 

377 

386 

396 

406 

415 

14.94 

14.89 

14.85 

14.77 

14.71 

3.26 

3.20 

3.13 

3.06 

2.99 

16.06 

16.04 

16.02 

15.98 

15.95 

3.89 

3.81 

3.71 

3.62 

3.54 

17.40 

17.41 
17.41 
17.41 
17.40 

4.58 

4.48 

4.37 

4.26 

4.17 

18.76 

18.79 

18.82 

18.84 

18.85 

5.32 

5.20 

5.07 

4.94 

4.83 

32.9 
32.1 
31.3 
30.5 

29.9 

60 

61 

62 

63 

64 

426 

436 

447 

458 

469 

14.61 

14.52 

14.41 

14.28 

14.12 

2.92 

2.86 

2.79 

2.72 

2.66 

15.89 

15.84 

15.77 

15.69 

15.59 

3.45 

3.37 

3.29 

3.21 

3.13 

17.38 

17.36 

17.32 

17.28 

17.23 

4.06 

3.96 

3.86 

3.76 

3.67 

18.86 

18.87 

18.86 

18.85 

18.83 

4.70 

4.59 

4.47 

4.36 

4.25 

29.1 

28.4 
27.7 

27.1 

26.4 

354 


N 

E(eV) 

65 

480 

66 

492 

67 

504 

68 

516 

69 

529 

70 

542 

71 

555 

72 

569 

73 

583 

74 

597 

75 

612 

76 

627 

77 

642 

78 

658 

79 

674 

80 

690 

81 

707 

82 

725 

83 

742 

84 

760 

85 

779 

86 

798 

87 

818 

88 

838 

89 

858 

90 

879 

91 

901 

92 

923 

93 

945 

94 

968 

95 

992 

96 

1016 

97 

1041 

98 

1067 

99 

1093 

100 

1119 

101 

1147 

102 

1175 

103 

1204 

104 

1233 

105  1263 

106  1294 

107  1326 

103  1358 

109  1392 

110  1426 

111  1460 

112  1496 

113  1533 

114  1570 

115  1609 

116  1648 

117  1688 

118  1730 

119  1772 

120  1815 

121  1860 

122  1905 

123  1952 

124  2000 


Mn  (25) 
Manganese 
fi 

13.96  2.60 
13.76  2.54 
13.53  2.48 
13.28  2.42 

12.96  2.36 


12. 

57 

2. 

30 

12. 

14 

2. 

24 

11. 

56 

2. 

18 

10. 

82 

2. 

13 

9. 

78 

2. 

07 

8. 

11 

2. 

02 

5. 

68 

1. 

96 

-0. 

58  L 

11. 

84 

4. 

59 

12. 

89 

7. 

94 

14. 

01 

10. 

,35 

15. 

19 

12, 

.57 

14. 

,77 

13, 

.81 

14, 

.31 

14, 

.71 

13. 

.84 

15, 

.16 

13, 

.95 

16 

.11 

14 

.57 

17 

.45 

14 

.13 

18 

.38 

13 

.63 

19 

.12 

13 

.16 

19 

.75 

12 

.73 

20 

.30 

12 

.35 

20 

.80 

11 

.97 

21 

.26 

11 

.61 

21 

.65 

11 

.25 

22 

.00 

10 

.89 

22 

.34 

10 

.54 

22 

.63 

10 

,20 

22 

.90 

9 

.86 

23 

.13 

9 

.52 

23 

.36 

9 

.20 

23.54  8.90 
23.73  8.59 

23.90  8.30 
24.05  8.01 
24.18  7.74 

24.29  7.48 
24.40  7.22 
24.50  6.96 
24.58  6.72 
24.66  6.48 

24.72  6.25 
24.79  6.04 
24.84  5.82 
24.88  5.60 

24.91  5.40 

24.95  5.20 
24.97  5.01 
24.99  4.83 
25.01  4.65 
25.03  4.47 

25.03  4.30 
25.03  4.13 
25.03  3.97 
25.04  3.82 
25.04  3.67 


Fe  (26) 

Iron 

fi 

15.49  3.06 

15.36  2.98 

15.22  2.91 

15.06  2.84 

14.87  2.76 

14.66  2.69 

14,42  2.63 

14.12  2.55 

13.78  2.49 

13.37  2.43 

12.86  2.36 

12,26  2.31 

11.48  2.24 

10.28  2.17 


8. 

79 

2. 

10 

5. 

77 

2. 

05 

-7. 

08  1. 

2. 

01 

4. 

35 

16. 

45 

10. 

40 

15. 

94 

12. 

70 

15. 

42 

14. 

22 

14. 

91 

15. 

08 

14. 

44 

15. 

64 

14. 

43 

16. 

85 

15. 

12 

18. 

03 

14. 

77 

19. 

08 

14. 

28 

19. 

87 

13. 

79 

20. 

,56 

13. 

33 

21. 

.14 

12. 

,91 

21. 

,64 

12. 

,50 

22, 

,12 

12 

.10 

22 

.55 

11 

.72 

22 

.93 

11 

.34 

23 

.26 

10 

.'J5 

23 

.57 

10 

.59 

23 

.83 

10 

.24 

24 

.09 

9 

.89 

24 

.33 

9 

.56 

24 

.54 

9 

.24 

24 

.72 

8 

.93 

24 

.89 

8 

.63 

25 

.05 

8 

.33 

25 

.19 

8 

.03 

25 

.31 

7 

.76 

25 

.42 

7 

.48 

25 

i.52 

7 

.22 

25 

1.61 

6 

1.97 

25.69  6.72 
25.76  6.47 
25.82  6.24 

25.88  6.01 
25.92  5.79 
25.96  5.58 
25.99  5.38 
26.02  5.18 

26.04  4.98 
26.06  4.79 
26.07  4.61 
26.08  4.43 
26.08  4.26 


Co  (27) 
Cobalt 


fi 

17.17 

3.58 

17.10 

3.48 

17.02 

3.39 

16.93 

3.30 

16.82 

3.21 

16.69 

3.13 

16.56 

3.05 

16.40 

2.97 

16.21 

2.89 

16.00 

2.82 

15.75 

2.74 

15.46 

2.67 

15.14 

2.60 

14.73 

2.52 

14.26 

2.45 

13.65 

2.39 

12.91 

2.33 

11.85 

2.27 

10.18 

2.21 

5.68 

2.14 

-5.15  L 

16.74 

7.92 

16.28 

11.17 

15.82 

13.50 

15.39 

15.19 

14.97 

16.35 

14.50 

16.96 

14.01 

17.61 

14.91 

19.02 

14.82 

20.07 

14.29 

20.96 

13.77 

21.66 

13.30 

22.26 

12.88 

22.78 

12.44 

23.26 

12.04 

23.66 

11.65 

24.05 

11.26 

24.39 

10.89 

24.70 

10.53 

24.97 

10.19 

25.22 

9.85 

25.45 

9.51 

25.65 

9.18 

25.84 

8.87 

26.01 

8.56 

26.16 

8.27 

26.30 

7.99 

26.42 

7.71 

26.53 

7.43 

26.63 

7.17 

26.72 

6.9'' 

26.79 

6.6/ 

26.86 

6.43 

26.92 

6.20 

26.97 

5.97 

27.01 

5.75 

27.05 

5.53 

27.08 

5.32 

27.11 

5.12 

27.13 

4.93 

Ni  (28) 
Nickel 
£i  fz 


18.81 

18.78 

18.74 

18.69 

18.63 

18.56 

18.49 

18.40 

18.29 
18.18 

18.04 

17.89 

17.72 
17.51 

17.29 

17.03 

16.73 
16.34 
15.93 
15.38 

14.71 
13.78 
12.42 

9.00 
4.98  L 

7.47 
10.21 
13.55 
15.61 
16.91 

17.63 

18.72 
20.23 
21.19 
22.02 

22.71 

23.31 
23.85 
24.33 
24.74 

25.12 

25.47 
25.77 
26.05 

26.31 

26.53 

26.73 
26.92 
27.09 
27.24 

27.38 

27.49 

27.60 

27.71 

27.80 

27.88 
27.95 
28  .02 
28.08 
28.12 


4.14 
4.03 

3.92 

3.82 

3.72 

3.62 

3.52 

3.42 

3.33 

3.23 

3.14 
3.05 
2.97 
2.88 
2.80 

2.72 
2.64 
2.56 

2.48 
2.41 

2.34 
2.28 

2.23 
2.17 

7.37 

10.89 

15.92 
15.39 

14.92 
14.43 

14.21 

15.30 
14.80 

14.30 

13.82 

13.37 
12.91 

12.48 
12.06 
11.66 

11.27 

10.88 

10.50 

10.14 
9.79 

9.45 

9.13 

8.81 

8.48 

8.18 

7.88 

7.59 
7.31 
7.04 
6.78 

6.53 

6.28 

6.05 

5.82 

5.60 


X(A) 

25.83 
25.20 
24,60 
24.03 
23.44 

22.87 

22.34 

21.79 

21.27 

20.77 

20.26 

19.77 

19.31 

18.84 
18.39 

17.97 

17.54 

17.10 
16.71 

16.31 

15.92 

15.54 
15.16 
14.79 
14.45 

14.10 
13.76 
13.43 
13.12 
12.81 

12.50 

12.20 

11.91 

11.62 

11.34 

11.08 

10.81 

10.55 

10.30 

10.06 

9.82 
9.58 
9.35 
9.13 
8.91 

8.69 

8.49 

8.29 

8.09 

7.90 

7.71 

7.52 

7.34 
7.17 
7.00 

6.83 
6.67 
6.51 

6.35 

6.20 


Atonic 

Weight 


765.5 

54.94 


753.1 

55.85 


713.6 

58.93 


716.4 


keV-cm^ 

gram 


58.71  amu 


355 


ATOMIC  SCATTERING  FACTOR.  f,+  if, 


N 

E(eV 

0 

100 

1 

102 

2 

104 

3 

107 

4 

110 

5 

112 

6 

115 

7 

118 

8 

121 

9 

124 

10 

127 

11 

130 

12 

133 

13 

136 

14 

140 

15 

143 

16 

147 

17 

150 

18 

154 

19 

158 

20 

162 

21 

166 

22 

170 

23 

174 

24 

178 

25 

182 

26 

187 

27 

191 

28 

196 

29 

201 

30 

206 

31 

211 

32 

216 

33 

221 

34 

227 

35 

232 

36 

238 

37 

244 

38 

250 

39 

256 

40 

262 

41 

269 

42 

275 

43 

282 

44 

289 

45 

296 

46 

303 

47 

311 

48 

318 

49 

326 

50 

334 

51 

342 

52 

351 

53 

359 

54 

368 

55 

37-’ 

56 

386 

57 

396 

58 

406 

59 

415 

60 

426 

61 

436 

Cu 

fj 

(29) 

Zn 

fi 

(30) 

£2 

Ga 

fi 

(31) 

£2 

Ge 
f , 

(32) 

£2 

X  fA) 

6.18 

6.30 

6.51 

6.89 

1.2^ 

11.14 

11.39 
11.64 
12.01 

12.39 

5.99 

6.37 

6.70 

7.12 

7.50 

12.23 

12.26 

12.29 

12.33 

12.37 

6.35 

6.58 

6.81 

7.16 

7.54 

11.02 

11.12 

11.23 

11.38 

11.50 

5.24 

5.38 

5.52 

5.72 

5.93 

10.19 

10.34 

10.50 

10.72 

10.94 

124.0 

121.5 

119.2 

115.9 

112.7 

7.57 

8.13 

8.70 

9.40 

10.03 

12.57 

12.84 

13.11 

13.24 

13.08 

7.73 

8.07 

8.38 

8.69 

8.98 

12.39 

12.43 

12.46 

12.50 

12.53 

7.77 

8.09 

8.38 

8.66 

8.93 

11.53 

11.58 

11.64 

11.69 

11.75 

6.07 

6.27 

6.50 

6.74 

7.01 

11.07 

11.28 

11.53 

11.78 

12.03 

110.7 

107.8 
105.1 
102.5 
100.0 

10.56 

11.00 

11.34 

11.64 

12.03 

12.93 

12.78 

12.64 

12.50 

12.32 

9.26 

9.53 

9.80 

10.06 

10.40 

12.57 

12.60 

12.65 

12.69 

12.75 

9.19 

9.44 

9.67 

9,91 

10.22 

11.81 

11.86 

11.91 

11.97 

12.04 

7.29 

7.60 

7.98 

8.36 

8.80 

12.28 

12.52 

12.76 

12.85 

12.97 

97.6 
95.4 

93.2 

91.2 

88.6 

12.31 

12.64 

12.95 

13.15 

13.40 

12.19 

12.03 

11.91 

11.81 

11.72 

10,66 

11.01 

11.30 

11.65 

12.06 

12.79 

12.85 

12.89 

12.95 

13.00 

10.44 

10.73 

10.92 

11.16 

11.47 

12.09 

12.15 

12.21 

12.32 

12.44 

9.11 

9.50 

9.80 

10.22 

10.57 

13.06 

13.17 

13.26 

13.31 

13.33 

86.7 
84.3 

82.7 

80.5 

78.5 

13.68 
13.95 
14.23 
14.45 

14.68 

11.63 

11.54 

11.46 

11.37 

11.29 

12.47 

12.86 

13.20 

13.51 

13.82 

12.99 

12.91 

12.84 

12.76 

12.69 

11.80 

12.15 

12.53 

12.94 

13.32 

12.56 

12.68 

12.79 
12,82 

12.80 

10.88 

11.15 

11.36 

11.56 

11.87 

13.36 

13.38 

13.40 

13.58 

13.87 

76.5 

74.7 
72.9 
71.3 

69.7 

14.96 

15.25 

15.54 

15.84 

16.23 

11.22 

11.12 

11.05 

10.96 

10.84 

14.11 
14.48 
14.77 

15.11 
15.43 

12.62 

12.54 

12.47 

12.34 

12.21 

13.68 

14.11 

14.43 

14.80 

15.15 

12.78 

12.71 

12.65 

12.55 

12.45 

12.34 

13.00 

13.48 

13.96 

14.39 

14.16 

14.18 

14.11 

14.02 

13.92 

68.1 

66.3 
64.9 

63.3 
61.7 

16.58 
16.89 
17.07 
17.29 
17.4  : 

10.57 

10.31 

10.07 

9.84 

9.57 

15.73 

16.04 

16.31 

16 . 57 
16.87 

12.09 

11.97 

11.82 

11.67 

11.50 

15.48 

15.82 

16.13 

16.41 

16.72 

12.36 

12.26 

12.13 

11.99 

11.83 

14.79 

15.18 

15.57 

15.90 

16.27 

13.83 

13.73 

13.61 

13.47 

13.31 

60.2 

58.8 

57.4 

56.1 

54.6 

17.63 

17.78 

17.91 

18.03 

18.14 

9.37 

9.13 

8.90 

8.68 

8.47 

17.10 

17.37 

17.62 

17.86 

18.08 

11.36 

11.21 

11.03 

10.85 

10.68 

16.96 
17.23 
17.49 
17.73 

17.97 

11.70 

11.56 

11.41 

11.27 

11.14 

16.56 

16.89 

17.19 

17.49 

17.77 

13.19 

13.04 

12.90 

12.76 

12.63 

53.4 
52.1 
50.8 
49.6 

48.4 

18.25 

18.34 

18.44 

18.45 
18.50 

8.28 

8.06 

7.88 

7.71 

7.56 

18.28 

18.51 

18.69 

18.89 

19.08 

10.51 

10.32 

10.15 

9.96 

9.77 

18.20 

18.46 

18.69 

18.94 

19.17 

11.01 

10.87 

10.75 

10.57 

10.38 

18.05 

18.37 

18.66 

18.97 

19,25 

12.50 

12.36 

12.24 

12.04 

11.83 

47.3 

46.1 

45.1 
44.0 
42.9 

18.57 

18.63 

18.75 

18.79 

18.82 

7.42 

7.28 

7.13 

7.00 

6.86 

19.25 

19.42 

19.59 

19.73 

19.87 

9.59 

9.41 

9.20 

9.03 

8.84 

19.37 

19.55 

19.74 

19.90 

20.07 

10.19 

10.02 

9.83 

9.67 

9.49 

19.50 

19.73 

19.97 

20.16 

20.37 

11.63 

11.44 

11.23 

11.05 

10.86 

41.9 

40.9 

39.9 
39.0 
38.0 

18.88 

18.93 

18.98 

19.02 

19.07 

6.73 

6.60 

6.47 

6.35 

6.23 

20.01 

20.13 

20.26 

20.36 

20.47 

8.65 

8.46 

8.26 

8.09 

7.90 

20.22 

20.37 

20.52 

20.65 

20.79 

9.32 

9.16 

8.98 

8.83 

8.67 

20.55 

20.73 

20.93 

21.09 

21.27 

10.67 

10.49 

10.30 

10.13 

9.95 

37.1 

36.3 

35.3 
34.5 
33.7 

19.10 

19.14 

19.23 

19.19 

19.21 

6.11 

5.99 

5.87 

5.77 

5.68 

20.56 

20.65 

20.74 

20.81 

20.87 

7.71 

7.54 

7.35 

7.16 

7.01 

20.93 

21.06 

21.22 

21.35 

21.45 

8.52 

8.37 

8.19 

8.00 

7.83 

21.44 

21.61 

21.81 

21.98 

22.12 

9.78 

9.62 

9.43 

9.21 

9.02 

32.9 
32.1 
31.3 
30.5 

29.9 

19.25 

19.28 

19.31 

19.38 

19.37 

5.57 

5.48 

5.39 

5.28 

5.18 

20.93 

20.98 

21.03 

21.07 

21.10 

6.82 

6.65 

6.48 

6.31 

6.15 

21.56 

21.65 

21.74 

21.82 

21.89 

7.64 

7.47 

7.29 

7.11 

6.94 

22.26 

22.37 

22.49 

22.60 

22.69 

8.79 

8.60 

8.40 

8.19 

8.00 

29.1 

28.4 
27.7 

27.1 

26.4 

i 


i 


I 


I 


Cu 

(29) 

Zn 

(30) 

Ga 

(31) 

Ge 

(32) 

Copper 

Zinc 

Gallium 

Germanium 

N 

E(eV) 

f2 

fi 

fz 

fi 

f2 

fi 

fz 

X(A) 

65 

480 

19.38 

5.07 

21.12 

6.00 

21.95 

6.77 

22.77 

7.81 

25.83 

66 

492 

19.39 

4.97 

21.14 

5.81 

22.00 

6.60 

22.85 

7.61 

25.20 

67 

504 

19.44 

4.86 

21.15 

5.63 

22.05 

6.43 

22.92 

7.43 

24.60 

68 

516 

19.43 

4.77 

21.15 

5.46 

22.09 

6.28 

22.98 

7.25 

24.03 

69 

529 

19.45 

4.65 

21,15 

5.29 

22.13 

6.11 

23.04 

7.07 

23.44 

70 

542 

19.42 

4.52 

21.14 

5.14 

22.16 

5.94 

23.10 

6.88 

22.87 

71 

555 

19.47 

4.39 

21.12 

5.00 

22.18 

5.78 

23.15 

6.71 

22.34 

72 

569 

19.39 

4.26 

21.09 

4.85 

22.18 

5.61 

23.18 

6.52 

21.79 

73 

583 

19.34 

4.12 

21.05 

4.71 

22.18 

5.45 

23.20 

6.34 

21.27 

74 

597 

19.25 

3.97 

21.01 

4.58 

22.16 

5.31 

23.22 

6.18 

20.77 

75 

612 

19.16 

3.83 

20.96 

4.45 

22.14 

5.16 

23.23 

6.01 

20.26 

76 

627 

19.05 

3.70 

20.89 

4.32 

22.12 

5.02 

23.24 

5.84 

19.77 

77 

642 

18.99 

3.56 

20.82 

4.20 

22.09 

4.89 

23.24 

5.68 

19.31 

78 

658 

18.76 

3.42 

20.73 

4.06 

22.04 

4.73 

23.22 

5.50 

18.84 

79 

674 

18.63 

3.28 

20.64 

3.93 

21.98 

4.59 

23.19 

5.33 

18.39 

80 

690 

18.36 

3.17 

20.53 

3.83 

21.91 

4.48 

23.14 

5.20 

17.97 

81 

707 

18.16 

3.07 

20.40 

3.74 

21.84 

4.37 

23.10 

5.07 

17.54 

82 

725 

17.73 

3.04 

20.25 

3.63 

21.76 

4.25 

23.05 

4.92 

17.10 

83 

742 

17.45 

3.02 

20.10 

3.54 

21.68 

4.13 

23.00 

4.79 

16.71 

84 

760 

17.13 

2.99 

19.91 

3.44 

21.58 

4.01 

22.94 

4.65 

16.31 

85 

779 

16.94 

2.95 

19.70 

3.35 

21.46 

3.90 

22.86 

4.51 

15.92 

86 

798 

16.35 

2.83 

19.46 

3.24 

21.33 

3.77 

22.77 

4.37 

15.54 

87 

818 

15.76 

2.72 

19.16 

3.13 

21.17 

3.65 

22.66 

4.24 

15.16 

88 

838 

14.96 

2.61 

18.83 

3.03 

20.98 

3.53 

22.54 

4.11 

14.79 

89 

858 

14.20 

2.51 

18.45 

2.93 

20.77 

3.42 

22.40 

3.98 

14.45 

90 

879 

12.47 

2.42 

17.98 

2.83 

20.52 

3.31 

22.24 

3.85 

14.10 

91 

901 

9.51 

2.33 

17.38 

2.74 

20.22 

3.20 

22.05 

3.73 

13.76 

92 

923 

2.02 

L  2.25 

16.68 

2.65 

19.89 

3.10 

21.84 

3.61 

13.43 

93 

945 

5.01 

18.03 

15.84 

2.58 

19.49 

3.00 

21.61 

3.50 

13.12 

94 

968 

12,97 

17.24 

13.08 

2.51 

19.01 

2.90 

21.33 

3.39 

12.81 

95 

992 

16.02 

16.46 

10.03 

2.44 

18.37 

2.81 

20.99 

3.28 

12.50 

96 

1016 

17.55 

15.74 

3.73 

L  2.38 

17.61 

2.72 

20.61 

3.17 

12.20 

97 

1041 

18,72 

15.03 

10.53 

17.00 

16.58 

2.64 

20.16 

3.08 

11.91 

98 

1067 

19.75 

14.77 

14.20 

16.69 

14.81 

2.56 

19.56 

2.98 

11.62 

99 

1093 

20.60 

14.53 

16.23 

16.40 

9.52 

2.48 

18.83 

2.88 

11,34 

100 

1119 

21.35 

14.29 

17.87 

16.11 

2.29 

L  15.61 

17.93 

2.80 

11.08 

101 

1147 

22.07 

14.04 

19.30 

15.82 

8.52 

15.37 

16.57 

2.71 

10.81 

102 

1175 

22.69 

13.81 

20.54 

15.54 

14.62 

15.14 

14.17 

2.62 

10.55 

103 

1204 

23,39 

13.57 

21.78 

15.26 

18.35 

14.90 

6.62 

L 

2.54 

10.30 

104 

1233 

24.02 

13.35 

22.95 

14.99 

19.55 

14.68 

8.63 

16.64 

10.06 

105 

1263 

24.69 

13.05 

23,82 

14.65 

20.48 

14.46 

15.91 

16.37 

9.82 

106 

1294 

25.29 

12.59 

24.54 

14.15 

20.79 

14.24 

18.26 

16.11 

9.58 

107 

1326 

25.78 

12.14 

25.20 

13,66 

21.92 

15.42 

20.23 

15.85 

9.35 

108 

1358 

26.20 

11.71 

25 . 73 

13.20 

23.92 

14.89 

21.60 

15.60 

9.13 

109 

1392 

26.55 

11.29 

26.24 

12.74 

24.86 

14.37 

22.80 

15.34 

8.91 

no 

1426 

26.86 

10.89 

26.68 

12.31 

25.68 

13.87 

23.86 

15.10 

8.69 

111 

1460 

27.13 

10.51 

27.06 

11.90 

26.33 

13.40 

24.80 

14.86 

8.49 

112 

1496 

27.37 

10.14 

27.42 

11.49 

26.91 

12.93 

25.74 

14.55 

8.29 

113 

1533 

27.61 

9.77 

27.74 

11.09 

27.41 

12.48 

26.60 

14.07 

8.09 

114 

1570 

27.81 

9.43 

28.01 

10.71 

27.83 

12.05 

27.22 

13.61 

7.90 

115 

1609 

27.99 

9.08 

28.28 

10.33 

28.23 

11.63 

27.81 

13.15 

7.71 

116 

1648 

28.15 

8.76 

28.51 

9.98 

28.59 

11.23 

28.32 

12.72 

7.52 

117 

1688 

28.29 

8.45 

28.71 

0.64 

28.89 

10.84 

28.76 

12.31 

7.34 

118 

1730 

28.42 

8.15 

28.91 

9.30 

29.19 

10.46 

29.19 

11.89 

7.17 

119 

1772 

28.55 

7.85 

29.07 

8.96 

29.45 

10.09 

29.56 

11.48 

7.00 

120 

1815 

28,65 

7.56 

29.21 

8.64 

29.66 

9.73 

29.89 

11.08 

6.83 

121 

1860 

28.74 

7.27 

29.35 

8.32 

29.87 

9.37 

30.19 

10.68 

6.67 

122 

1905 

28.82 

7.01 

29.46 

8.02 

30.02 

9.03 

30.40 

10.31 

6.51 

123 

1952 

28.88 

6.74 

29.56 

7.73 

30.18 

8.70 

30.63 

9.94 

6.35 

124 

20C0 

28.93 

6.49 

29.65 

7.44 

30.34 

8.38 

30.86 

9.58 

6.20 

Efi(E) 
f  2 

661.8 

643.3 

603.2 

579 

.4 

keV-cm’ 

gram 

Atomic 

Weight 

63 

.55 

65 

.38 

69 

.72 

72.59 

amu 

- - - - 

.  — 

'■  ■ 

-  -•  — . - 

- 1 

357 

ATOMIC  SCATTERING 

FACTOR,  fl 

+  ifj 

1 

As 

(33) 

Se 

(34) 

Br 

(35) 

Kr 

(36) 

N 

E(eV) 

fl 

f2 

fl 

f2 

fl 

f2 

fl 

£2 

1(A) 

0 

100 

2.69 

7.92 

2.39 

7.29 

2.81 

5.14 

4.08 

1.83 

124.0 

1 

1 

102 

2.74 

8.27 

2.40 

7.61 

2.74 

5.41 

3.87 

1.94 

121.5 

2 

104 

2.82 

8.64 

2.43 

7.94 

2.69 

5.68 

3.64 

2.13 

119.2 

3 

107 

2.97 

9.20 

2.49 

8.45 

2.62 

6.11 

3.35 

2.46 

115.9 

4 

110 

3.20 

9.79 

2.60 

8.87 

2.61 

6.52 

2.99 

2.79 

112.7 

5 

112 

3.45 

10.19 

2.71 

9.09 

2.59 

6.78 

2.77 

3.03 

110.7 

6 

115 

3.90 

10.68 

2.93 

9.43 

2.56 

7.18 

2.49 

3.43 

107.8 

7 

118 

4.33 

10.92 

3.15 

9.78 

2.54 

7.62 

2.15 

3.98 

105.1 

8 

121 

4.67 

11.17 

3.34 

10.13 

2.54 

8.07 

1.94 

4.47 

102.5 

• 

9 

124 

4.96 

11.41 

3.53 

10.49 

2.56 

8.53 

1.73 

4.97 

100.0 

10 

127 

5.23 

11.64 

3.71 

10.85 

2.60 

9.01 

1.53 

5.48 

97.6 

11 

130 

5.48 

11.88 

3.90 

11.21 

2.66 

9.51 

1.33 

6.01 

95.4 

12 

133 

5.69 

12.13 

4.11 

11.57 

2.76 

10.02 

1.14 

6.60 

93.2 

13 

136 

5.92 

12.47 

4.34 

11.94 

2.90 

10.54 

0.90 

7.35 

91.2 

14 

140 

6.30 

12.93 

4.66 

12.44 

3.15 

11.26 

0.79 

8.45 

88.6 

15 

143 

6.63 

13.28 

4.93 

12.81 

3.40 

11.82 

0.80 

9.36 

86.7 

;;  ' 

16 

147 

7.21 

13.75 

5.38 

13.32 

3.90 

12.59 

1.27 

10.69 

84.3 

: 

17 

150 

7.74 

14.01 

5.75 

13.64 

4.41 

13.07 

1.96 

11.57 

82.7 

18 

154 

8.40 

14.10 

6.25 

13.96 

5.10 

13.36 

2.76 

12.05 

80.5 

19 

158 

8.91 

14.15 

6.69 

14.26 

5.61. 

13.57 

3.36 

12.41 

78.5 

20 

162 

9.37 

14.20 

7.14 

14.57 

6.05 

13.77 

3.84 

12.76 

76.5 

21 

166 

9.79 

14.25 

7.61 

14.87 

6.44 

13.98 

4.28 

13.12 

74.7 

22 

170 

10.18 

14.30 

8.11 

15.18 

6.79 

14.18 

4.70 

13.48 

72.9 

:  1 

23 

174 

10.53 

14.36 

8.65 

15.38 

7.10 

14.39 

5.13 

13.84 

71.3 

•  } 

24 

178 

10.88 

14.42 

9.16 

15.52 

7.36 

14.59 

5.49 

14.20 

69.7 

1 

25 

182 

11.24 

14.49 

9.64 

15.65 

7.51 

14.80 

5.90 

14.56 

68.1 

;  1 

26 

187 

11.67 

14.54 

10.20 

15.78 

7.82 

15.48 

6.44 

15.02 

66.3 

27 

191 

11.97 

14.57 

10.66 

15.88 

8.26 

16.16 

6.97 

15.39 

64.9 

r 

28 

196 

12.31 

14.69 

11.21 

15.95 

9.23 

16.51 

7.55 

15.69 

63.3 

:  ' 

29 

201 

12.73 

14.86 

11.74 

16.00 

9.91 

16.62 

8.13 

15.91 

61.7 

30 

206 

13.22 

15.02 

12.23 

16.04 

10.54 

16.73 

8.65 

16.13 

60.2 

'  ' 

31 

211 

13.76 

15.18 

12.71 

16.08 

11.15 

16.84 

9.20 

16.35 

58.8 

32 

216 

14.38 

15.11 

13.22 

16.07 

11.71 

16.88 

9.66 

16.52 

57.4 

33 

221 

14.86 

14.98 

13.66 

16.04 

12.23 

16.90 

10.14 

16.69 

56.1 

34 

227 

15.38 

14.83 

14.16 

16.00 

12.82 

16.93 

10.68 

16.88 

54.6 

35 

232 

15.77 

14.71 

14.56 

15.96 

13.27 

16.95 

11.12 

17.03 

53.4 

^  • 

36 

238 

16.19 

14.57 

15.02 

15.93 

13.79 

16.97 

11.65 

17.22 

52.1 

37 

244 

16.59 

14.44 

15.45 

15.89 

14.31 

17.00 

12.18 

17.40 

50.8 

38 

250 

16.96 

14.31 

15.89 

15.86 

14.81 

17.02 

12.70 

17.58 

49.6 

■ 

39 

256 

17.32 

14.18 

16.32 

15.82 

15.31 

17.05 

13.23 

17.76 

48.4 

40 

262 

17.67 

14.06 

16.75 

15.79 

15.81 

17.07 

13.78 

17.93 

47.3 

41 

269 

18.07 

13.92 

17.27 

15.75 

16.42 

17.10 

14.48 

18.14 

46.1 

, 

42 

275 

18.42 

13.80 

17.75 

15.72 

17.00 

17.12 

15.16 

18.31 

45.1 

43 

282 

18.82 

13.60 

18.33 

15.52 

17.67 

16.95 

15.99 

18.24 

44.0 

44 

289 

19.17 

13.38 

18.80 

15.28 

18.25 

16.71 

16.63 

18.08 

42.9 

45 

296 

19.48 

13.17 

19.21 

15.04 

18.75 

16.48 

17.22 

17.92 

41.9 

46 

303 

19.76 

12.97 

19.58 

14.82 

19.18 

16.26 

17.76 

17.77 

40.9 

i 

47 

311 

20.05 

12.75 

19.97 

14.57 

19.65 

16.01 

18.39 

17.60 

39.9 

1 

48 

318 

20.30 

12.56 

20.28 

14.36 

20.02 

15.80 

18.76 

17.46 

39.0 

49 

326 

20.57 

12.35 

20.62 

14.13 

20.41 

15.58 

19.26 

17.30 

38.0 

1 

50 

334 

20.81 

12.16 

20.92 

13.91 

20.78 

15.36 

19.72 

17.15 

37.1 

B 

51 

342 

21.04 

11.97 

21.21 

13.69 

21.13 

15.15 

20.16 

17.00 

36.3 

52 

351 

21.29 

11.76 

21.52 

13.46 

21.51 

14.92 

20.64 

16.84 

35.3 

53 

359 

21.50 

11.59 

21.79 

13.27 

21.82 

14.73 

21.06 

16.71 

34.5 

54 

368 

21.73 

11.40 

22.07 

13.06 

22.16 

14.52 

21.52 

16.56 

33.7 

55 

377 

21.95 

11.22 

22.34 

12.85 

22.50 

14.31 

21.98 

16.41 

32.9 

56 

386 

22.17 

11.04 

22.62 

12.66 

22.83 

14.12 

22.45 

16.27 

32.1 

i 

57 

396 

22.43 

10.84 

22.94 

12.43 

23.24 

13.89 

23.09 

16.06 

31.3 

I 

58 

406 

22.65 

10.59 

23.21 

12.15 

23.57 

13.58 

23.51 

15.72 

30.5 

i 

59 

415 

22.83 

10.37 

23.43 

11.90 

23.85 

13.32 

23.90 

15.42 

29.9 

1 

60 

426 

23.02 

10.12 

23.67 

11.62 

24.14 

13.01 

24.31 

15.07 

29.1 

ft 

61 

436 

23.18 

9.90 

23.86 

11.38 

24.38 

12.74 

24.63 

14.77 

28.4 

E 

62 

447 

23.35 

9.67 

24.07 

11.12 

24.63 

12.46 

25.02 

14.45 

27.7 

H 

63 

458 

23.49 

9.45 

24.25 

10.86 

24.87 

12.18 

25.30 

14.13 

27.1 

1 

64 

469 

23.62 

9.22 

24.42 

10.61 

25.08 

11.91 

25.57 

13.82 

,  1 

iJ 

3S8 


As  (33)  Se  (34)  Br  (35)  Kr  (36) 

Arsenic  Selenium  Bromine  Krypton 


N 

E(eV) 

_ j 

_ i 

[2 _ 

^  J 

_J 

_j 

Cl 

_ 1 

'  2 

X(A) 

65 

480 

23 

.74 

9, 

.01 

24 

.57 

10 

.37 

25, 

.27 

11 

.64 

25 

.83 

13, 

,52 

25. 

.83 

66 

492 

23 

.85 

8. 

,79 

24 

.72 

10 

.12 

25, 

.45 

11 

.37 

26 

.09 

13, 

,21 

25. 

.20 

67 

504 

23 

.95 

8. 

.58 

24 

.85 

9 

.88 

25. 

,62 

11 

.11 

26 

.32 

12, 

,92 

24. 

.60 

68 

516 

24 

.05 

8. 

,37 

24 

.98 

9 

.65 

25, 

.78 

10 

.86 

26 

.59 

12, 

,63 

24. 

.03 

69 

529 

24 

.14 

8. 

.16 

25 

.11 

9 

.41 

25, 

,95 

10 

.59 

26 

.83 

12. 

,34 

23. 

.44 

70 

542 

24 

.23 

7. 

.95 

25 

.23 

9 

.18 

26, 

.10 

10 

.34 

26 

.97 

12. 

.05 

22. 

,87 

71 

555 

24 

.31 

7, 

.75 

25 

.34 

8 

.95 

26, 

,25 

10 

.09 

27 

.25 

11 . 

.77 

22. 

.34 

72 

569 

24 

.38 

7, 

.53 

25 

.44 

8. 

.71 

26, 

.38 

9 

.82 

27 

.42 

11 . 

.46 

21, 

.79 

73 

583 

24 

.43 

7, 

,33 

25 

.52 

8. 

.47 

26, 

.49 

9 

.56 

27, 

.54 

11. 

,17 

21. 

,27 

74 

597 

24 

.47 

7, 

.13 

25 

.59 

8 

.25 

26, 

.59 

9 

.32 

27, 

.69 

10. 

.88 

20. 

.77 

75 

612 

24 

.51 

6. 

.94 

25 

.66 

8, 

.03 

26. 

.69 

9 

.07 

27, 

.83 

10. 

.60 

20. 

.26 

76 

627 

24 

.55 

6. 

.75 

25 

.73 

7 

.82 

26, 

.78 

8 

.84 

28 

.02 

10. 

.32 

19, 

,77 

77 

642 

24 

.58 

6 

.56 

25 

.79 

7 

.60 

26 

.88 

8 

.61 

28 

.13 

10. 

,05 

19, 

.31 

78 

658 

24 

.59 

6, 

.36 

25 

.83 

7 

.36 

26, 

.95 

8 

.34 

28 

.23 

9. 

.73 

18, 

.84 

79 

674 

24 

.59 

6, 

.16 

25 

.85 

7, 

.13 

26, 

.99 

8 

.09 

28 

.39 

9. 

,43 

18. 

,39 

80 

690 

24 

.56 

6 

.01 

25 

.85 

6, 

.96 

27, 

.02 

7 

.90 

28 

.37 

9, 

,20 

17, 

.97 

81 

707 

24 

.56 

5, 

.86 

25 

.87 

6, 

.79 

27, 

.07 

7 

.71 

28, 

.51 

8. 

.98 

17, 

.54 

82 

725 

24 

.54 

5, 

.68 

25 

.89 

6 

.58 

27, 

.12 

7 

.48 

28 

.52 

8, 

,71 

17, 

.10 

83 

742 

24 

.52 

5. 

,53 

25 

.89 

6 

.40 

27, 

.15 

7 

.27 

28 

.58 

8. 

,47 

16, 

.71 

84 

760 

24 

.49 

5. 

.37 

25 

.89 

6 

.22 

27, 

.18 

7 

.06 

28 

.64 

8. 

,23 

16. 

.31 

85 

779 

24 

.  46 

5 

.21 

25 

.88 

6 

.03 

27. 

.20 

6 

.86 

28 

.77 

7, 

.99 

15, 

.92 

86 

798 

24 

.41 

5. 

,05 

25 

.86 

5, 

,85 

27, 

.21 

6, 

.65 

28, 

.72 

7. 

,75 

15. 

.54 

87 

818 

24 

.35 

4, 

,90 

25 

.83 

5 

.67 

27, 

.20 

6, 

.44 

28 

.75 

7. 

,51 

15, 

.16 

88 

838 

24 

.27 

4. 

,75 

25 

.79 

5 

.50 

27, 

.19 

6 

.25 

28 

.76 

7, 

,29 

14. 

.79 

89 

858 

24 

.19 

4. 

.61 

25 

.74 

5. 

.34 

27. 

.17 

6, 

.06 

28 

.84 

7, 

.08 

14, 

.45 

90 

879 

24 

.09 

4. 

.46 

25 

.68 

5 

.17 

27, 

.14 

5 

.88 

28, 

.77 

6. 

.86 

14, 

.10 

91 

901 

23 

.97 

4. 

.32 

25 

.60 

5 

.01 

27, 

.09 

5 

.70 

28 

.76 

6. 

.65 

13. 

.76 

92 

923 

23 

.84 

4. 

.19 

25 

.52 

4, 

.86 

27. 

.05 

5, 

.53 

28, 

.82 

6. 

,45 

13. 

,43 

93 

945 

23 

.70 

4. 

.06 

25 

.43 

4. 

.71 

26, 

.99 

5, 

.36 

28, 

.72 

6. 

,26 

13. 

,12 

94 

968 

23 

.53 

3. 

.93 

25 

.33 

4. 

.56 

26, 

.92 

5, 

.20 

28, 

.69 

6. 

,06 

12, 

.81 

95 

992 

23 

.34 

3, 

.80 

25 

.20 

4, 

,41 

26, 

,85 

5, 

.04 

28, 

.64 

5, 

87 

12. 

.50 

96 

1016 

23 

.12 

3. 

,69 

25 

.06 

4. 

.27 

26, 

,76 

4, 

.88 

28, 

.69 

5. 

69 

12. 

.20 

97 

1041 

22 

.87 

3, 

,57 

24 

.90 

4. 

,13 

26 

67 

4 

.73 

28 

.65 

5. 

.50 

11. 

.91 

98 

1067 

22 

.57 

3, 

.45 

24 

.71 

3 

.99 

26, 

.55 

4 

.57 

28, 

.47 

5. 

,32 

11, 

.62 

99 

1093 

22 

.23 

3 

.34 

24 

.50 

3 

.86 

26, 

.41 

4 

.42 

28 

.36 

5. 

,15 

11, 

,34 

100 

1119 

21 

.84 

3. 

,24 

24 

.26 

3 

.74 

26. 

,27 

4, 

.28 

28, 

.26 

4. 

99 

11. 

.08 

101 

1147 

21 

.34 

3 

.13 

23 

.98 

3 

.61 

26, 

.09 

4. 

.14 

28, 

.14 

4. 

,82 

10, 

.81 

102 

1175 

20 

.73 

3 

.03 

23 

.66 

3 

.49 

25, 

.90 

4 

.00 

28 

.01 

4. 

.66 

10, 

.55 

103 

1204 

19 

.92 

2. 

,93 

23 

.27 

3 

.38 

25, 

.67 

3, 

.87 

27. 

.95 

4, 

.51 

10. 

.30 

104 

1233 

18 

.95 

2, 

.84 

22 

.83 

3 

.27 

25, 

,42 

3, 

.74 

27, 

.73 

4. 

,37 

10, 

,06 

105 

1263 

17 

.35 

2. 

,75 

22 

.28 

3 

.16 

25. 

.13 

3 

.62 

27 

.59 

4. 

,22 

9. 

.82 

106 

1294 

12 

.20 

2, 

.66 

21 

.54 

3. 

.06 

24. 

.78 

3, 

,50 

27. 

.29 

4, 

08 

9. 

.58 

107 

1326 

3 

.75  L 

16. 

.41 

20 

.56 

2, 

.96 

24, 

.38 

3, 

.38 

27, 

.04 

3, 

,94 

9. 

.35 

108 

1358 

9 

.44 

15. 

.94 

19 

.33 

2, 

.86 

23, 

.88 

3. 

.27 

26 

.77 

3, 

,81 

9, 

,13 

109 

1392 

15 

.44 

15. 

,47 

16, 

,62 

2. 

.77 

23. 

,24 

3. 

,16 

26, 

.41 

3. 

.68 

8. 

,91 

110 

1426 

21 

.00 

15. 

,03 

8 

.52  L 

2, 

.68 

22, 

.45 

3, 

,06 

26, 

.01 

3. 

,56 

8. 

.69 

111 

1460 

22, 

.06 

14, 

,61 

11, 

.68 

16. 

,04 

21, 

,37 

2, 

.96 

25, 

.59 

3, 

,44 

8. 

.49 

112 

1496 

22, 

.86 

14, 

.19 

19, 

.14 

15. 

,55 

19, 

.60 

2, 

.86 

25, 

.15 

3. 

,32 

8. 

,29 

113 

1533 

22, 

.67 

15. 

,68 

20, 

.20 

15. 

,08 

14, 

.51 

2, 

.79 

24, 

.12 

3. 

,20 

f , 

09 

114 

1570 

24, 

.51 

15. 

.18 

21. 

,27 

14. 

.64 

12. 

.92  L 

11, 

.81 

23, 

.03 

3. 

,09 

7. 

.90 

115 

1609 

26 

.27 

14. 

.68 

22, 

.39 

14, 

.19 

16, 

.36 

15, 

.60 

21, 

.38 

2. 

97 

7, 

,71 

116 

1648 

27, 

.11 

14. 

,21 

23, 

.52 

13, 

,77 

18, 

.89 

15, 

.13 

15, 

.37 

2, 

,87 

7, 

,52 

117 

1688 

27, 

.90 

13. 

,76 

25. 

.32 

15. 

,17 

21, 

,47 

14, 

.68 

12, 

,54  L 

11. 

50 

7, 

.34 

118 

1730 

28, 

.56 

13. 

,30 

27. 

.09 

14, 

,69 

24. 

.19 

14, 

.22 

20. 

.76 

15. 

02 

7. 

.17 

119 

1772 

29, 

.11 

12, 

.83 

28 

.06 

14. 

,21 

24, 

.65 

13, 

.79 

22. 

,72 

14. 

57 

7. 

,00 

120 

1815 

29, 

.60 

12. 

.41 

28. 

.88 

13. 

,74 

25, 

.62 

15. 

,37 

25, 

.66 

14. 

12 

6. 

83 

121 

1860 

30 

.04 

11. 

,97 

29 

.51 

13. 

.28 

27, 

.93 

14, 

,85 

26, 

,31 

13. 

68 

6. 

67 

122 

1905 

30, 

.43 

11. 

56 

30. 

,10 

12. 

.84 

28. 

.69 

14, 

.36 

26, 

.99 

13. 

27 

6. 

51 

123 

1952 

30, 

.76 

11. 

,16 

30. 

.56 

12, 

,41 

29, 

.48 

13, 

.87 

28. 

,07 

14. 

61 

6. 

35 

124 

2000 

31 

.07 

10, 

,77 

31, 

.00 

11. 

,99 

30, 

.29 

13, 

,40 

29, 

,17 

14. 

15 

6. 

20 

Ep(E) 

561 

.3 

532 

.6 

526 

.3 

501 

.9 

keV-cm’ 

gram 

Atomic 

Weight 

74. 

92 

78. 

96 

79. 

91 

83, 

80 

amu 

359 


ATOMIC  SCATTERING  FACTOR,  fi+  if 2 


Rb 

(37) 

Sr 

(38) 

Y 

(39) 

Zr 

(40) 

N 

E(eV) 

fi 

fi 

fi 

£2 

fi 

£2 

fi 

£2 

X(A) 

0 

100 

5.67 

1.00 

7.74 

1.12 

9.86 

2.75 

13.43 

2.59 

124.0 

1 

102 

5.44 

1.03 

7.58 

1.17 

9.79 

2.75 

13.39 

2.58 

121.5 

2 

104 

5.17 

1.05 

7.44 

1.22 

9.72 

2.74 

13.35 

2.57 

119.2 

3 

107 

4.73 

1.09 

7.23 

1.29 

9.61 

2.73 

13.30 

2.56 

115.9 

A 

no 

4.12 

M  1.16 

7.01 

•  1.37 

9.50 

2.72 

13.23 

2.55 

112.7 

5 

112 

3.68 

1.38 

6.87 

1.42 

9.41 

2.71 

13.19 

2.54 

110.7 

6 

115 

3.05 

1.78 

6.64 

1.50 

9.26 

2.70 

13.10 

2.  bit 

107.8 

7 

118 

2.47 

2.28 

6.40 

1.59 

9.09 

2.70 

13.03 

2.56 

105.1 

8 

121 

1.90 

2.90 

6.15 

1.67 

8.90 

2.75 

12.96 

2.58 

102.5 

9 

124 

1.41 

3.67 

5.87 

1.76 

8.74 

2.81 

12.90 

2.61 

100.0 

10 

127 

1.04 

4.62 

5.56 

1.85 

8.57 

2.86 

12.83 

2.63 

97.6 

11 

130 

0.82 

5.79 

5.20 

1.94 

8.38 

2.91 

12.77 

2.65 

95.4 

12 

133 

1.32 

7.13 

4.73 

M  2.12 

8.16 

2.97 

12.70 

2.67 

93.2 

13 

136 

1.86 

7.45 

4.31 

2.44 

7.90 

3.06 

12.62 

2.69 

91.2 

14 

140 

2.29 

7.89 

3.80 

2.94 

7.57 

3.29 

12.52 

2.72 

88.6 

15 

143 

2.46 

8.23 

3.45 

3.37 

7.35 

3.47 

12.44 

2.74 

86.7 

16 

147 

2.66 

8.69 

3.07 

4.02 

7.05 

3.72 

12.32 

2.77 

84.3 

17 

150 

2.79 

9.03 

2.88 

4.55 

6.79 

3.91 

12.22 

2.79 

82.7 

18 

154 

2.92 

9.50 

2.70 

5.14 

6 .44 

M  4.32 

12.08 

2.82 

80.5 

19 

158 

3.06 

10.00 

2.48 

5.72 

6.16 

4.83 

11.93 

2.85 

78.5 

20 

162 

3.20 

10.51 

2.27 

6.34 

6.03 

5.40 

11.75 

2.89 

76.5 

21 

166 

3.36 

11.03 

2.07 

7.02 

6.03 

6.00 

11.56 

2.92 

74.7 

22 

170 

3.54 

11.56 

1.91 

7.75 

6.10 

6.32 

11.33 

2.95 

72.9 

23 

174 

3.75 

12.10 

1.80 

8.51 

6.10 

6.65 

11.05 

3.02 

71.3 

24 

178 

3.98 

12.63 

1,74 

9.30 

6.07 

6.99 

10.77 

M  3.14 

69.7 

25 

182 

4.23 

13.18 

1.70 

10.15 

6.04 

7.34 

10.48 

3.25 

68.1 

26 

187 

4.63 

13.92 

1.79 

11.38 

6.00 

7.79 

10.06 

3.39 

66.3 

27 

191 

4.98 

14.53 

2.24 

12.47 

5.97 

8.16 

9.56 

3.51 

64.9 

28 

196 

5.75 

15.04 

2.95 

13.35 

5.95 

8.63 

8.85 

4.02 

63.3 

29 

201 

6.30 

15.42 

3.62 

13.99 

5.94 

9.12 

8.26 

4.87 

61.7 

30 

206 

6.82 

15.81 

4.17 

14.64 

5.94 

9.62 

7.97 

5.88 

60.2 

31 

211 

7.33 

16.19 

4.81 

15.30 

5.96 

10.14 

8.16 

7.06 

58.8 

32 

216 

7.85 

16.50 

5.45 

15.75 

6.01 

10.67 

8.52 

7.62 

57.4 

33 

221 

8.33 

16.80 

6.03 

16.12 

6.07 

11.22 

8.82 

8.00 

56.1 

34 

227 

8.89 

17.15 

6.64 

16.58 

6.17 

11.89 

8.99 

8.47 

54.6 

35 

232 

9.34 

17.44 

7.13 

16.96 

6.29 

12.47 

9.11 

8.88 

53.4 

36 

238 

9.89 

17.78 

7.71 

17.41 

6.47 

13.19 

9.24 

9.38 

52.1 

37 

244 

10.45 

18.13 

8.28 

17.86 

6.70 

13.92 

9.37 

9.89 

50.8 

38 

250 

11.02 

18.47 

8.88 

18.32 

7.00 

14.68 

9.53 

10.42 

49.6 

39 

256 

11.62 

18.81 

9.50 

18.78 

7.35 

15.46 

9.70 

10.96 

48.4 

40 

262 

12.27 

19.15 

10.14 

19.23 

7.77 

16.27 

9.89 

11.52 

47.3 

41 

269 

13.12 

19.54 

11.02 

19.76 

8.51 

17.23 

10.19 

12.19 

46.1 

42 

275 

13.96 

19.88 

11.96 

20.22 

9.42 

18.08 

10.52 

12.78 

45.1 

43 

282 

15.00 

19.85 

13.09 

20.30 

10.60 

18.44 

10.98 

13.35 

44.0 

44 

289 

15.87 

19.67 

14.02 

20.21 

11.57 

18.53 

11.45 

13.88 

42.9 

45 

296 

16.61 

19.49 

14.79 

20.11 

12.31 

18.63 

12.01 

14.42 

41.9 

46 

303 

17.24 

19.32 

15.49 

20.02 

12.99 

18.72 

12.63 

14.92 

40.9 

47 

311 

17.90 

19.13 

16.23 

19.92 

13.69 

18.82 

13.37 

15.15 

39.9 

48 

318 

18.44 

18.97 

16.81 

19.84 

14.26 

18.91 

13.87 

15.36 

39.0 

49 

326 

19.01 

18.79 

17.44 

19.74 

14.89 

19.01 

14.40 

15.59 

38.0 

50 

334 

19.55 

18.62 

18.05 

19.65 

15.49 

19.11 

14.92 

15.81 

37.1 

51 

342 

20.06 

18.45 

18.64 

19.56 

16.06 

19.21 

15.42 

16.04 

36.3 

52 

351 

20.61 

18.27 

19.26 

19.46 

16.68 

19.31 

15.97 

16.29 

35.3 

53 

359 

21.07 

18.11 

19.80 

19.38 

17.22 

19.40 

16.45 

16.51 

34.5 

54 

368 

21.58 

17.94 

20.40 

19.29 

17.82 

19.50 

17.01 

16.75 

33.7 

55 

377 

22.08 

17.78 

21.00 

19.20 

18.40 

19.60 

17.60 

17.00 

32.9 

56 

386 

22.60 

17.62 

21.66 

19.11 

18.79 

19.70 

18.30 

17.24 

32.1 

57 

396 

23.20 

17.40 

22.44 

18.94 

19.20 

20.92 

19.16 

17.35 

31.3 

58 

406 

23.74 

17.06 

23.10 

18.57 

20.89 

20.53 

19.87 

17.23 

30.5 

59 

415 

24.17 

16.76 

23.58 

18.26 

21.76 

20.20 

20.38 

17.12 

29.9 

60 

426 

24.61 

16.41 

24.13 

17.89 

22.66 

19.82 

20.96 

17.00 

29.1 

61 

436 

24.99 

16.10 

24.59 

17.58 

23.35 

19.48 

21.43 

16.89 

28.4 

62 

447 

25.38 

15.78 

25.05 

17.24 

24.02 

19.12 

21.87 

16.77 

27.7 

63 

458 

25.76 

15.46 

25.48 

16.90 

24.62 

18.76 

22.27 

16.73 

27.1 

64 

469 

26.08 

15.13 

25.88 

16.56 

25.16 

18.41 

22.69 

16.74 

26.4 

360 


N 

E(eV) 

Rb  (37) 
Rubidium 

Sr  (38) 
Strontium 

Y  (39) 

Yttrium 
fi  t. 

Zr  (40) 
Zirconium 
f  1  fi 

1(A) 

65 

480 

26.38 

14.82 

26.24 

16.24 

25.66 

18.06 

23.13 

16.76 

25.83 

66 

492 

26.68 

14.49 

26.60 

15.90 

26.14 

17.70 

23.63 

16 . 78 

25.20 

67 

504 

2b.  96 

14.18 

26.93 

15.57 

26.59 

17.36 

24.15 

16.80 

24 . 60 

68 

516 

27.22 

13.88 

27.25 

15.26 

27.02 

17.03 

24.74 

16 .81 

24.03 

69 

529 

27.50 

13.57 

27.58 

14.93 

27.46 

16.67 

25.48 

16.73 

23.44 

70 

542 

21 .76 

13.24 

27.87 

14.59 

27.86 

16.31 

26.08 

16.42 

22.87 

71 

555 

28.00 

12.93 

28.16 

14.27 

28.24 

15.95 

26.61 

16.12 

22.34 

72 

569 

28.21 

12.58 

28.44 

13.92 

28.60 

15.56 

27.08 

15.81 

21.79 

73 

583 

28.40 

12.26 

28.68 

13.59 

28.92 

15.19 

27.50 

15.52 

21.27 

74 

597 

28.57 

11.96 

28.90 

13.27 

29.21 

14.84 

27.88 

15.23 

20.77 

75 

612 

26. lU 

11.66 

29.12 

12.94 

29.50 

14.47 

28.26 

14.94 

20.26 

76 

627 

28.91 

11.37 

29.33 

12.63 

29.78 

14.13 

28.60 

14 .67 

19.77 

77 

642 

29.07 

11.07 

29.54 

12.32 

30.05 

13.78 

28.93 

14.40 

19.31 

78 

658 

29.20 

10.75 

29.72 

11.97 

30.28 

13.38 

29.24 

14.13 

18.84 

79 

674 

29.30 

10.44 

29.85 

11.63 

30.46 

13.01 

29.54 

13.87 

18.39 

80 

690 

29.38 

10.20 

29.97 

11.37 

30.61 

12.72 

29.82 

13.62 

17.97 

81 

707 

29.50 

9.96 

30.12 

11.11 

30.81 

12.43 

30.10 

13.37 

17.54 

82 

725 

29.61 

9.68 

30.29 

10.80 

31.01 

12.08 

30.39 

13.11 

17.10 

83 

742 

29.71 

9.42 

30.41 

10.51 

31.18 

11.77 

30.65 

12.87 

16.71 

84 

760 

29.79 

9.17 

30.52 

10.22 

31.33 

11.46 

30.94 

12.64 

16.31 

85 

779 

29.87 

8.90 

30.63 

9.93 

31.48 

11.14 

31.25 

12.39 

15.92 

86 

798 

29.93 

8.64 

30.72 

9.64 

31.61 

10.82 

31.55 

12.04 

15.54 

87 

818 

29.99 

8.38 

30.80 

9.36 

31.73 

10.51 

31.79 

11.69 

15 . 16 

88 

838 

30.03 

8.13 

30.87 

9.09 

31.83 

10.21 

31.99 

11.36 

14.79 

89 

858 

30.07 

7.90 

30.93 

8.83 

31.92 

9.92 

32.16 

11.04 

14 .45 

90 

879 

30.10 

7.66 

30.97 

8.57 

32.01 

9.63 

32.33 

10.72 

14.10 

91 

901 

30.11 

7.42 

31.01 

8.31 

32.07 

9.35 

32.47 

10.40 

13.76 

92 

923 

30.13 

7.20 

31.05 

8.07 

32.14 

9.08 

32.60 

10.10 

13.43 

93 

945 

30.13 

6.98 

31.08 

7.83 

32.20 

8.81 

32.72 

9.81 

13.12 

94 

968 

30.12 

6.76 

31,09 

7.59 

32.24 

8.55 

32.82 

9.52 

12.81 

95 

992 

30.09 

6.55 

31.10 

7.36 

32.28 

8.28 

32.90 

9.24 

12.50 

96 

1016 

30.07 

6.35 

31.09 

7.13 

32.30 

8.03 

32.98 

8.96 

12.20 

97 

1041 

30.04 

6.15 

31.09 

6.91 

32.33 

7.79 

33.05 

8.69 

11.91 

98 

1067 

29.99 

5.95 

31.07 

6.69 

32.33 

7.53 

33.11 

8.42 

11.62 

99 

1093 

29.94 

5.77 

31.04 

6.48 

32.33 

7.30 

33.15 

8.15 

11.34 

100 

1119 

29.88 

5.59 

31.00 

6.28 

32.32 

7.07 

33.18 

7.91 

11.08 

101 

1147 

29.80 

5.41 

30.96 

6.08 

32.30 

6.84 

33.20 

7.65 

10.81 

102 

1175 

29.72 

5.24 

30,91 

5.89 

32.28 

6.63 

33.22 

7.41 

10.55 

103 

1204 

29.63 

5.07 

30,83 

5.70 

32.23 

6.42 

33.21 

7.18 

10.30 

104 

1233 

29.52 

4.91 

30.76 

5.52 

32.19 

6.22 

33.21 

6 . 96 

10.06 

105 

1263 

29.41 

4.75 

30.68 

5.35 

32.14 

6.02 

33.20 

6.74 

9.82 

106 

1294 

29.27 

4.59 

30.59 

5.17 

32.07 

5.82 

33.17 

6.52 

9.58 

107 

1326 

29.12 

4.44 

30.48 

5.00 

32.00 

5.63 

33.14 

6.30 

9.35 

108 

1358 

28.95 

4.29 

30.35 

4.83 

31.91 

5.45 

33.09 

6 . 10 

9.13 

109 

1392 

28.74 

4,14 

30.21 

4.67 

31.81 

5.27 

33.03 

5.90 

8.91 

110 

1426 

28.52 

4.00 

30.04 

4.51 

31.70 

5.09 

32.96 

5.70 

8.69 

111 

1460 

28.27 

3.87 

29.87 

4.36 

31.58 

4.93 

32.88 

5.52 

8.49 

112 

1496 

27.97 

3,74 

29.66 

4.22 

31.44 

4.77 

32.79 

5.34 

8.29 

113 

1533 

27.61 

3.59 

29,42 

4.08 

31.28 

4.60 

32.68 

5.16 

8.09 

114 

1570 

27.20 

3,46 

29.15 

3.94 

31.11 

4.45 

32.56 

4.99 

7.90 

115 

1609 

26.63 

3,32 

28.84 

3.81 

30.90 

4.29 

32.42 

4.82 

7.71 

116 

1648 

25.92 

3.20 

28.47 

3.69 

30.66 

4.14 

32.26 

4 . 67 

7.52 

117 

1688 

25.02 

3.08 

28.02 

3.56 

30.39 

4.00 

32.09 

4.51 

7.34 

118 

1730 

23.61 

2.96 

27.49 

3.44 

30.08 

3.86 

31.89 

4 . 36 

7.17 

119 

1772 

19.45 

2.84 

26.81 

3.34 

29.71 

3.73 

31.65 

4.21 

7.00 

120 

1815 

13.87  L 

11.43 

25.83 

3.24 

29.26 

3.61 

31.38 

4.07 

6.83 

121 

1860 

16.63 

10.74 

25.19 

3.14 

28,69 

3.48 

31.00 

3.93 

6.67 

122 

1905 

19.38 

14.49 

25.03 

3.04 

27,98 

3.36 

30.53 

3.80 

6 . 51 

123 

1952 

22.26 

14.04 

24.86 

L  11.60 

26.41 

3.25 

30.03 

3.67 

6.35 

124 

2000 

25.20 

13.61 

24.69 

10.95 

24.79 

3.14 

29.52 

3.55 

6.20 

Eu(E) 

-TT- 

492 

.1 

480.0 

473 

i.l 

461 

.1 

keV-cm’ 

gram 

Atonlc 

Weight 

85. 

47 

87.62 

88. 

91 

91. 

22 

amu 

361 


N 

E(eV) 

Nb 

fi 

(41) 

f2 

ATOMIC  SCATTERING 

Mo  (42) 
fl  f2 

FACTOR,  f] 

Tc 

fl 

1+  tf2 
(43) 

f2 

Ru 

fl 

(44) 

fz 

0 

100 

14.84 

2.73 

15.43 

2.01 

15.78 

1.80 

18.51 

1.38 

1 

102 

14.79 

2.68 

15.33 

2.00 

15.67 

1.82 

18.29 

1.25 

2 

104 

14.74 

2.64 

15.25 

1.99 

15.59 

1.83 

18.02 

1.13 

3 

107 

14.66 

2.58 

15.13 

1.98 

15.47 

1.85 

17.65 

1.13 

4 

110 

14.57 

2.52 

15.03 

1.97 

15.38 

1.87 

17.37 

1.18 

5 

112 

14.49 

2.48 

14.95 

1.96 

15.32 

1.88 

17.23 

1.21 

6 

115 

14.38 

2.44 

14.84 

1.96 

15.23 

1.90 

17.03 

1.26 

7 

118 

14.27 

2.45 

14.74 

1.98 

15.15 

1.92 

16.86 

1.31 

8 

121 

14.18 

2.46 

14.65 

2.00 

15.08 

1.94 

16.71 

1.36 

9 

124 

14.10 

2.47 

14.57 

2.02 

15.02 

1.96 

16.58 

1.41 

10 

127 

14.03 

2.48 

14.50 

2.04 

14.96 

1.98 

16.46 

1.46 

11 

130 

13.96 

2.49 

14.43 

2.06 

14.90 

2.00 

16.36 

1.51 

12 

133 

13.89 

2.50 

14.35 

2.08 

14.84 

2.02 

16.26 

1.56 

13 

136 

13.82 

2.51 

14.28 

2.09 

14.78 

2.04 

16.16 

1.62 

14 

140 

13.72 

2.52 

14.18 

2.12 

14.70 

2.06  « 

16.05 

1.69 

15 

143 

13.65 

2.53 

14.12 

2.14 

14.64 

2.08 

15.97 

1.74 

16 

147 

13.55 

2.54 

14.02 

2.16 

14.57 

2.10 

15.88 

1.81 

17 

150 

13.46 

2.55 

13.95 

2.18 

14.51 

2.12 

15.81 

1.87 

18 

154 

13.34 

2.57 

13.85 

2.20 

14.44 

2.14 

15.73 

1.94 

19 

158 

13.22 

2.61 

13.74 

2.21 

14.36 

2.16 

15.67 

2.01 

20 

162 

13.11 

2.64 

13.63 

2.23 

14.28 

2.19 

15.60 

2.07 

21 

166 

12.99 

2.67 

13.50 

2.24 

14.19 

2.21 

15.52 

2.12 

22 

170 

12.88 

2.70 

13.37 

2.26 

14.11 

2.23 

15.45 

2.18 

23 

174 

12.76 

2.70 

13.22 

2.28 

14.02 

2.25 

15.38 

2.23 

24 

178 

12.61 

2.68 

13.07 

2.31 

13.92 

2.27 

15.31 

2.29 

25 

182 

12.44 

2.66 

12.91 

2.34 

13.82 

2.29 

15.24 

2.34 

26 

187 

12.17 

2.64 

12.70 

2.37 

13.68 

2.32 

15.15 

2.41 

27 

191 

11.87 

2.62 

12.51 

2.40 

13.57 

2.34 

15.08 

2.47 

28 

196 

11.45 

2.72 

12.25 

2.43 

13.42 

2.36 

14.98 

2.54 

29 

201 

11.04 

2.90 

11.96 

2.45 

13.26 

2.39 

14.89 

2.61 

30 

206 

10.66 

M  3.10 

11.60 

2.48 

13.08 

2.41 

14.79 

2.68 

31 

211 

10.22 

3.30 

11.11 

2.51 

12.88 

2.43 

14.69 

2.74 

32 

216 

9.77 

3.65 

10.59 

2.77 

12.67 

2.46 

14.59 

2.81 

33 

221 

9.36 

4.07 

10.11 

3.13 

12.43 

2.48 

14.48 

2.88 

34 

227 

8.92 

4.62 

9.60 

M  3.61 

12.08 

2.51 

14.35 

2.97 

35 

232 

8.58 

5.12 

9.21 

4.05 

11.72 

2.53 

14.23 

3.04 

36 

238 

8.21 

5.78 

8.77 

4.64 

11.22 

2.71 

14.09 

3.12 

37 

244 

7.88 

6.50 

8.36 

5.30 

10.77 

3.01 

13.93 

3.21 

38 

250 

7.61 

7.30 

8.01 

6.03 

10.36 

3.34 

13.76 

3.29 

39 

256 

7.40 

8.16 

7.70 

6.83 

9.98 

M 

3.70 

13.59 

3.38 

40 

262 

7.25 

9.11 

7.44 

7.73 

9.61 

4.08 

13.40 

3.46 

41 

269 

7.27 

10.32 

7.33 

8.89 

9.19 

4.57 

13.15 

3.56 

42 

275 

7.52 

11.46 

7.43 

10.00 

8.85 

5.02 

12.92 

3.65 

43 

282 

8.02 

12.50 

7.77 

11.07 

8.47 

5.59 

12.60 

M  3.75 

44 

289 

8.53 

13.44 

8.14 

12.07 

8.10 

6.20 

12.24 

3.84 

45 

296 

9.27 

14.42 

8.75 

13.14 

7.78 

6.85 

11.72 

3.94 

46 

303 

10.15 

15.34 

9.54 

14.15 

7.46 

7.55 

11.18 

4.23 

47 

311 

11.25 

15.64 

10.57 

14.51 

7.10 

8.41 

10.58 

4.72 

48 

318 

11.91 

15.90 

11.17 

14.81 

6.85 

9.22 

10.13 

5.18 

49 

326 

12.59 

16.19 

11.77 

15.17 

6.63 

10.22 

9.65 

5.74 

50 

334 

13.22 

16.48 

12.32 

15.52 

6.46 

11.29 

9.21 

6.35 

51 

342 

13.81 

16.77 

12.85 

15.87 

6.38 

12.45 

8.80 

7.01 

52 

351 

14.46 

17.10 

13.42 

16.26 

6.46 

13.81 

8.37 

7.81 

53 

359 

15.03 

17.38 

13.93 

16.61 

6.62 

15.05 

8.03 

8.58 

54 

368 

15.69 

17.70 

14.52 

17.01 

6.92 

16.55 

7.69 

9.51 

55 

377 

16.37 

18.02 

15.14 

17.40 

7.47 

18.15 

7.42 

10.51 

56 

386 

17.19 

18.33 

15.89 

17.79 

8.56 

19.86 

7.24 

11.60 

57 

396 

18.20 

18.49 

16.81 

18.04 

10.24 

21.59 

7.14 

12.90 

58 

406 

19.03 

18.36 

17.59 

18.00 

12.05 

21.92 

7.19 

14.31 

59 

415 

19.62 

18.25 

18.12 

17.97 

13.20 

22.22 

7.47 

15.68 

60 

426 

20.28 

18.12 

18.70 

17.93 

14.50 

22.58 

8.15 

17.48 

61 

436 

20.82 

18.00 

19.15 

17.90 

15.64 

22.91 

9.29 

19.26 

62 

447 

21.35 

17.87 

19.52 

17.86 

16.93 

23.27 

11.75 

21.36 

63 

458 

21.82 

17.81 

19.79 

18.03 

18.26 

23.34 

13.65 

22.61 

64 

469 

22.29 

17.80 

20.16 

18.36 

19.42 

23.17 

14.76 

22.98 

ft 


X(A) 

124.0 

121.5 
119.2 
115.9 

112.7 

110.7 

107.8 
105.1 

102.5 

100.0 

97.6 

95.4 

93.2 

91.2 

88.6 

86.7 

84.3 

82.7 

80.5 

78.5 

76.5 

74.7 

72.9 

71.3 

69.7 

68.1 

66.3 

64.9 

63.3 

61.7 

60.2 

58.8 

57.4 

56.1 

54.6 

53.4 

52.1 

50.8 

49.6 

48.4 

47.3 

46.1 

45.1 
44.0 

42.9 

41.9 

40.9 

39.9 
39.0 
38.0 

37.1 

36.3 

35.3 

34.5 

33.7 

32.9 

32.1 

31.3 

30.5 

29.9 

29.1 

28.4 

27.7 

27.1 

26.4 
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Nb 

(41) 

Mo 

(42) 

Tc 

(43) 

Ru  (44) 

Nlobltun 

Molybdenum 

Technetium 

Ruthenium 

_N 

E(eV) 

fj 

f2 

f2 

fi 

fi 

f2 

1(A) 

65 

480 

22.78 

17.79 

20.61 

18.69 

20.41 

23.00 

15.88 

23.35 

25.83 

66 

492 

23.30 

17.77 

21.23 

19.05 

21.32 

22.82 

17.07 

23.74 

25.20 

67 

504 

23.84 

17.76 

21.92 

19.41 

22.14 

22.65 

18.27 

24.14 

24.60 

68 

516 

24.43 

■>7.75 

22.78 

19.77 

22.87 

22.48 

19.61 

24.53 

24.03 

69 

529 

25.12 

17.66 

23.95 

19.93 

23.52 

22.43 

21.30 

24.67 

23.44 

70 

542 

25.71 

17.40 

24.89 

19.60 

24.39 

22.63 

22.64 

24.23 

22.87 

71 

555 

26.25 

17.15 

25.71 

19.28 

25.45 

22.83 

23.81 

23.81 

22.34 

72 

569 

26.74 

16.89 

26.40 

18.96 

26.73 

22.34 

24.71 

23.33 

21.79 

73 

583 

27.18 

16.64 

27.01 

18.64 

27.61 

21.84 

25.44 

23.08 

21.27 

74 

597 

27.59 

16.40 

27.56 

18.34 

28.34 

21.36 

26.21 

22.91 

20.77 

75 

612 

28.01 

16.16 

28.10 

18.03 

29.06 

20.88 

27.08 

22.74 

20.26 

76 

627 

28.40 

15.92 

28.61 

17.73 

29.71 

20.42 

27.97 

22.58 

19.77 

77 

642 

28.77 

15.69 

29.06 

17.45 

30,32 

19,96 

28.97 

22.29 

19.31 

78 

658 

29.13 

15.46 

29.51 

17.16 

30.85 

19.44 

29.84 

21.72 

18.84 

79 

674 

29.49 

1<.24 

29.95 

16.87 

31.32 

18.94 

30.54 

21.17 

18.39 

80 

690 

29.83 

15.02 

30.35 

16.60 

31.71 

18.57 

31.13 

20.75 

17.97 

81 

707 

30.17 

14.80 

30.75 

16.33 

32.18 

18.20 

31.76 

20.33 

17.54 

82 

725 

30.53 

14.58 

31.17 

16.05 

32.64 

17.73 

32.38 

19.81 

17.10 

83 

742 

30.87 

14.37 

31.55 

15.80 

33.03 

17.30 

32.90 

19.34 

16.71 

84 

760 

31.24 

14.16 

31.96 

15.54 

33.39 

16.88 

33.39 

18.86 

16.31 

85 

779 

31.66 

13.94 

32.42 

15.26 

33.76 

16.44 

33.87 

18.38 

15.92 

86 

798 

32.07 

13.55 

32.85 

14.84 

34.08 

16.01 

34.29 

17.89 

15.54 

87 

818 

32.40 

13.16 

33.21 

14.42 

34.39 

15.58 

34.69 

17.40 

15.16 

88 

838 

32.67 

12.79 

33.50 

14.02 

34.66 

15.18 

35.05 

16.93 

14.79 

89 

858 

32.91 

12.44 

33.79 

13.64 

34.92 

14.78 

35.38 

16.49 

14.45 

90 

879 

33.13 

12.08 

34.02 

13.25 

35.17 

14.38 

35.69 

16.04 

14.10 

91 

901 

33.32 

11.73 

34.25 

12.87 

35.41 

13.98 

35.98 

15.60 

13.76 

92 

923 

33.50 

11.39 

34.45 

12.51 

35.63 

13.60 

36.26 

15.18 

13.43 

93 

945 

33.65 

11.06 

34.63 

12.15 

35.82 

13.23 

36.50 

14.77 

13.12 

94 

968 

33.79 

10.74 

34.80 

11.80 

36.01 

12.84 

36.74 

14.35 

12.81 

95 

992 

33.92 

10.41 

34.95 

11.46 

36,17 

12.46 

36.96 

13.95 

12.50 

96 

1016 

34.04 

10.11 

35.10 

11.12 

36.33 

12.10 

37.17 

13.55 

12.20 

97 

1041 

34.15 

9.80 

35.24 

10.79 

36.48 

11.73 

37.37 

13.14 

11.91 

98 

1067 

34.23 

9.48 

35.34 

10.45 

36.59 

11.35 

37.54 

12.72 

11.62 

99 

1093 

34.30 

9.19 

35.44 

10.12 

36.69 

11.00 

37.69 

12.33 

11.34 

100 

1119 

34.36 

8.91 

35.51 

9.82 

36.77 

10.67 

37.81 

11.96 

11.08 

101 

1147 

34.41 

8.62 

35.58 

9.50 

36.85 

10.33 

37.92 

11.58 

10.81 

102 

1175 

34.45 

8..?5 

35.65 

9.21 

36.93 

10,01 

38.05 

11.22 

10.55 

103 

1204 

34.48 

8.09 

35.69 

8.92 

36.96 

9.70 

38.11 

10.87 

10.30 

104 

1233 

34.50 

7.84 

35.74 

8.65 

37.00 

9.40 

38,19 

10.53 

10.06 

105 

1263 

34.51 

7.59 

35.77 

8.38 

37.04 

9.11 

38.25 

10.21 

9.82 

106 

1294 

34.51 

7.34 

35.79 

8.11 

37.06 

8.83 

38.30 

9.89 

9.58 

107 

1326 

34.50 

7.10 

35.80 

7.84 

37.08 

8.55 

38.35 

9.58 

9.35 

108 

1358 

34.48 

6.87 

35.80 

7.59 

37.09 

8.29 

38,39 

9.29 

9,13 

109 

1392 

34.45 

6.64 

35.79 

7.34 

37.09 

8.03 

38.42 

9.00 

8.91 

110 

1426 

34.41 

6.43 

35.77 

7.10 

37.08 

7.78 

36.45 

8.72 

8.69 

111 

1460 

34.37 

6.22 

35.75 

6.88 

37.08 

7.54 

38.48 

8.46 

8.49 

112 

1496 

34.32 

6,01 

35.71 

6.65 

37.06 

7.31 

38.50 

8.19 

8.29 

113 

1533 

34.25 

5,79 

35.66 

6.43 

37.04 

7.06 

38.51 

7.90 

8.09 

114 

1570 

34.17 

5.59 

35.61 

6.21 

37.00 

6.83 

38.51 

7.62 

7.90 

115 

1609 

34.07 

5.38 

35.54 

6.00 

36.96 

6.61 

38.48 

7.35 

7.71 

116 

1648 

33.95 

5.19 

35.46 

5.80 

36.90 

6.39 

38.45 

7.10 

7.52 

117 

1688 

33.81 

5.00 

35.37 

5.60 

36.83 

6.18 

38.40 

6.85 

7.34 

118 

1730 

33.66 

4.82 

35.26 

5.41 

36.76 

5.98 

38.35 

6.60 

7.17 

119 

1772 

33.48 

4.65 

35.14 

5.22 

36,67 

5.78 

38.28 

6.37 

7.00 

120 

1815 

33.29 

4.49 

35.01 

5.04 

36.57 

5.58 

38.20 

6.15 

6.83 

121 

1860 

33.06 

4.33 

34,85 

4.87 

36.45 

5.39 

38.10 

5.93 

6,67 

122 

1905 

32.81 

4.18 

34.68 

4.70 

36.31 

5.21 

37.99 

5,72 

6.51 

123 

1952 

32.47 

4.03 

34,46 

4.54 

36,16 

5.03 

37.87 

5.51 

6.35 

124 

2000 

32.13 

3.89 

34.24 

4.38 

36.01 

4.86 

37.75 

5,32 

6.20 

En(E) 

*2 

452.7 

438.4 

425.2 

416 

.1 

keV-cm* 

gram 

Atonic 

Weight 

92 

.91 

95 

.94 

98 

.91 

101 

.1 

ainu 
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N 

E(eV) 

Rh 

fi 

(45) 

fi 

ATOMIC  SCATTERING 

Pd  (46) 
fl  f2 

FACTOR,  f: 

Ag 

fl 

1+  ifz 
(47) 

f2 

Cd 

fl 

(48) 

fj 

0 

100 

18.54 

1.32 

20.71 

5.09 

26.80 

9.45 

21.13 

11.77 

1 

102 

18.20 

1.16 

20.49 

4.76 

26.55 

8.43 

21.47 

11.20 

2 

104 

17.84 

1.02 

20.23 

4.47 

26.27 

7.53 

21.78 

10.57 

3 

107 

17.32 

1.01 

19.82 

4.06 

25.80 

6.25 

22.05 

9.47 

4 

110 

16.93 

1.06 

19.37 

3.71 

25.25 

5.16 

22.03 

8.52 

5 

112 

16.71 

1.09 

19.04 

3.49 

24.81 

4.33 

21.88 

7.95 

6 

115 

16.41 

1.17 

18.52 

3.25 

24.01 

3.35 

21.59 

7.43 

7 

118 

16.16 

1.26 

18.05 

3.14 

23.09 

2.61 

21.47 

7.19 

8 

121 

15.94 

1.35 

17.68 

3.03 

22.13 

2.13 

21.52 

6.96 

9 

124 

15.75 

1.44 

17.36 

2.93 

21.34 

1.90 

21.94 

6.75 

10 

127 

15.57 

1.54 

17.04 

2.83 

20.60 

1.71 

22.17 

5.82 

11 

130 

15.42 

1.64 

16.73 

2.74 

19.90 

1.53 

22.19 

4.84 

12 

133 

15.28 

1.74 

16.37 

2.66 

19.25 

1.59 

21.79 

4.04 

13 

136 

15.18 

1.85 

16.04 

2.74 

18.74 

1.64 

21.25 

3.44 

14 

140 

15.06 

2.01 

15.69 

2.86 

18.12 

1.72 

20.56 

3.07 

15 

143 

15.02 

2.12 

15.48 

2.95 

17.68 

1.87 

20.13 

2.83 

16 

147 

14.99 

2.22 

15.24 

3.06 

17.25 

2.09 

19.52 

2.54 

17 

150 

14.95 

2.25 

15.07 

3.15 

16.98 

2.27 

19.04 

2.46 

18 

154 

14.89 

2.30 

14.88 

3.30 

16.71 

2.46 

18.53 

2.54 

19 

158 

14.81 

2.35 

14.73 

3.45 

16.48 

2.67 

18.17 

2.63 

20 

162 

14.73 

2.40 

14.63 

3.61 

16.34 

2.81 

17.87 

2.72 

21 

166 

14.65 

2.44 

14.57 

3.77 

16.17 

2.89 

17.61 

2.82 

22 

170 

14.56 

2.49 

14.57 

3.93 

15.98 

2.97 

17.40 

2.91 

23 

174 

14.47 

2.54 

14.67 

3.97 

15.80 

3.13 

17.21 

3.00 

24 

178 

14.35 

2.58 

14.67 

3.90 

15.69 

3.29 

17.05 

3.09 

25 

182 

14.20 

2.63 

14.63 

3.82 

15.60 

3.41 

16.90 

3.19 

26 

187 

14.05 

2.85 

14.49 

3.74 

15.49 

3.50 

16.75 

3.31 

27 

191 

13.99 

3.04 

14.33 

3.67 

15.38 

3.57 

16.65 

3.40 

28 

196 

14.05 

3.24 

14.09 

3.70 

15.25 

3.66 

16.56 

3.49 

29 

201 

14.10 

3.27 

13.87 

3.79 

15.11 

3.75 

16.4? 

3.57 

30 

206 

14.10 

3.30 

13.70 

3.89 

14.97 

3.85 

16.38 

3.64 

31 

211 

14.08 

3.33 

13.55 

3.98 

14.82 

3.95 

16.30 

3.72 

32 

216 

14.05 

3.34 

13.40 

4.08 

14.67 

4.05 

16.23 

3.77 

33 

221 

13.99 

3.32 

13.25 

4.17 

14.49 

4.18 

16.15 

3.82 

34 

227 

13.90 

3.30 

13.08 

4.28 

14.32 

4.42 

16.04 

3.87 

35 

232 

13.80 

3.29 

12.93 

4.38 

14.22 

4.63 

15.95 

3.91 

36 

238 

13.65 

3.27 

12.75 

4.49 

14.14 

4.89 

15.85 

3.96 

37 

244 

13.47 

3.25 

12.56 

4.60 

14.13 

5.07 

15.74 

4.02 

38 

250 

13.28 

3.23 

12.36 

4.72 

14.09 

5.20 

15.63 

4.07 

39 

256 

13.06 

3.21 

12.15 

4.83 

14.03 

5.34 

15.52 

4.12 

40 

262 

12.81 

3.19 

11.93 

4.94 

13.97 

5.47 

15.40 

4.17 

41 

269 

12.48 

3.17 

11.62 

5.08 

13.88 

5.63 

15.27 

4.22 

42 

275 

12.16 

3.16 

11.30 

5.19 

13.82 

5.77 

15.15 

4.27 

43 

282 

11.73 

3.14 

10.87 

5.45 

13.74 

5.92 

15.01 

4.29 

44 

289 

11.20 

3.12 

10.48 

5.76 

13.66 

6.07 

14.85 

4.30 

45 

296 

10.50 

3.10 

10.06 

6.08 

13.58 

6.21 

14.66 

4.30 

46 

303 

9.66  M  3.16 

9.61 

6.45 

13.50 

6.35 

14.44 

4.30 

47 

311 

8.62 

3.76 

9.09 

7.09 

13.41 

6.43 

14.16 

4.31 

48 

318 

7.86 

4.36 

8.74 

7.69 

13.27 

6.49 

13.89 

4  31 

49 

326 

7.03 

5.14 

8.38 

8.42 

13.07 

6.57 

13.54 

4.32 

50 

334 

6.23 

6.04 

8.07 

M  9.21 

12.83 

6.64 

13.15 

4.32 

51 

342 

5.50 

7.06 

7.80 

10.04 

12.56 

6.72 

12.72 

4.33 

52 

351 

4.73 

8.39 

7.59 

11.04 

12.17 

6.80 

12.18 

4.33 

53 

359 

4.11 

9.75 

7.46 

11.99 

11.75 

6.87 

11.60 

4.34 

54 

368 

3.59 

11.49 

7.39 

13.12 

11.19 

6.95 

10.87 

4.34 

55 

377 

3.34 

13.49 

7.48 

14.34 

10.46 

7.03 

10.04 

4.35 

56 

386 

3.37 

15.78 

7.88 

15.63 

9.23 

7.10 

8.99 

4.35 

57 

396 

4.28 

18.71 

8.55 

16.88 

7.49 

M 

7.76 

7.61 

4.35 

58 

406 

6.33 

20.50 

9.21 

17.75 

6.01 

9.46 

5.65 

4.33 

59 

415 

7.82 

21.25 

9.72 

18.56 

5.10 

11.27 

3.36 

4.32 

60 

426 

9.29 

22.19 

10.42 

19.57 

4.37 

13.89 

-1.94 

4.30 

61 

436 

10.58 

23.05 

11.16 

20.52 

4.27 

16.71 

-15.14 

M  4.29 

62 

447 

12.27 

23.98 

12.22 

21.58 

5.40 

20.38 

-12.41 

32.43 

63 

458 

13.72 

23.96 

13.51 

22.18 

7.97 

22.50 

2.51 

31.77 

64 

469 

14.88 

24.18 

14.61 

22.37 

10.17 

22.90 

7.09 

31.14 

A  (A) 

12A.0 

121.5 
119.2 
115.9 

112.7 

110.7 

107.8 
105.1 

102.5 

100.0 

97.6 

95.4 

93.2 

91.2 

88.6 

86.7 

84.3 

82.7 

80.5 

78.5 

76.5 

74.7 

72.9 

71.3 

69.7 

68.1 

66.3 

64.9 

63.3 

61.7 

60.2 

58.8 

57.4 

56.1 

54.6 

53.4 

52.1 

50.8 

49.6 

48.4 

47.3 

46.1 

45.1 
44.0 

42.9 

41.9 

40.9 

39.9 
39.0 
38.0 

37.1 

36.3 

35.3 

34.5 

33.7 

32.9 

32.1 

31.3 

30.5 

29.9 

29.1 

28.4 

27.7 

27.1 

26.4 
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Rh  (45)  Pd  (46)  Ag  (47)  Cd  (48) 

Rhodium  Palladium  Silver  Cadmium 


N 

E(eV) 

f2 

fi 

f2 

fx 

fx 

fi 

fx 

X(A) 

65 

480 

15.92 

24.40 

15.49 

22.56 

11.68 

23.30 

10.64 

30.54 

25.83 

66 

492 

17.03 

24.63 

16.30 

22.77 

12.93 

23.73 

13.50 

29.91 

25.20 

67 

504 

18.11 

24.86 

17.03 

22.97 

14.07 

24.16 

15.54 

29.30 

24.60 

68 

516 

19.21 

25.09 

17.62 

23.16 

15.16 

24.59 

17.27 

28.73 

24.03 

69 

529 

20.48 

25.20 

18.09 

23.54 

16.31 

25.02 

18.77 

28.14 

23.44 

70 

542 

21.63 

25.05 

18.78 

24.28 

17.38 

25.36 

20.00 

27.59 

22.87 

71 

555 

22.63 

24.89 

19.62 

25.03 

18.43 

25.69 

21.03 

27.06 

22.34 

72 

569 

23.53 

24.71 

21.01 

25.84 

19.59 

26.04 

21.76 

26.47 

21.79 

73 

583 

24.39 

24.64 

22,62 

25.92 

20.76 

26.22 

22.21 

26,38 

21.27 

74 

597 

25.25 

24.61 

23.87 

25.71 

21.82 

26.32 

22.91 

26.49 

20.77 

75 

612 

26.21 

24.58 

24.99 

25.48 

22.89 

26.42 

23.69 

26.59 

20.26 

76 

627 

27.30 

24.55 

25.99 

25.27 

23.91 

26.52 

24.52 

26.70 

19.77 

77 

642 

28.43 

24.34 

26.90 

25.06 

24.90 

26.62 

25.39 

26.79 

19.31 

78 

658 

29.54 

23.73 

27,81 

24.85 

25.98 

26.73 

26.30 

26.83 

18.84 

79 

674 

30.32 

23.14 

28.69 

24.64 

27.08 

26.83 

27.21 

26.88 

18.39 

80 

690 

31.02 

22.70 

29.56 

24.44 

28.30 

26.93 

28.15 

26.90 

17.97 

81 

707 

31.74 

22.25 

30.54 

24.20 

29.87 

26.93 

29.19 

26.90 

17.54 

82 

725 

32.45 

21.69 

31.49 

23.70 

31.33 

26.13 

30.27 

26.75 

17.10 

83 

742 

33.02 

21.19 

32.27 

23.25 

32.38 

25.41 

31.24 

26.62 

16.71 

84 

760 

33.58 

20.68 

33.00 

22.79 

33.21 

24.69 

32.34 

26.48 

16.31 

85 

779 

34.13 

20.16 

33.75 

22.31 

34.00 

23.99 

33.56 

26.25 

15.92 

86 

798 

34.62 

19.63 

34.43 

21.73 

34.64 

23.39 

34.71 

25.55 

15.54 

87 

818 

35.08 

19.11 

35.04 

21.15 

35.28 

22.79 

35.58 

24.85 

15.16 

88 

838 

35.50 

18.61 

35.56 

20.60 

35.87 

22.22 

36.34 

24.18 

14.79 

89 

858 

35.88 

18.13 

36.04 

20.07 

36.41 

21.67 

37.00 

23.56 

14.45 

90 

879 

36.24 

17.64 

36.50 

19.54 

36.94 

21.11 

37.62 

22.98 

14.10 

91 

901 

36.58 

17.15 

36.91 

19.01 

37.43 

20.55 

38.21 

22.39 

13.76 

92 

923 

36.90 

16,69 

37.30 

18.51 

37.89 

20.01 

38.77 

21.83 

13.43 

93 

945 

37.19 

16.23 

37.65" 

18.02 

38.31 

19.48 

39.28 

21,27 

13.12 

94 

968 

37.46 

15.77 

37.99 

17.54 

38.70 

18.93 

39.75 

20.70 

12.81 

95 

992 

37.71 

15.31 

38,33 

17.05 

39.07 

18.39 

40.22 

20.13 

12.50 

96 

1016 

37.94 

14.87 

38,64 

16.58 

39.41 

17.88 

40.67 

19.58 

12.20 

97 

1041 

38.16 

14.42 

38,95 

16.07 

39.75 

17.34 

41.09 

18.97 

11.91 

98 

1067 

38.35 

13.97 

39.19 

15.56 

40.02 

16.80 

41.42 

18.35 

11.62 

99 

1093 

38.52 

13.54 

39.40 

15.08 

40.26 

16.29 

41.73 

17.77 

11.34 

100 

1119 

38.65 

13.13 

35.58 

14.62 

40.49 

15.81 

41.98 

17.23 

11.08 

101 

1147 

38.78 

12.72 

39.76 

14.15 

40.70 

15.32 

42.23 

16.67 

10.81 

102 

1175 

38.90 

12.33 

39.95 

13.71 

40.90 

14.85 

42.46 

16.14 

10.55 

103 

1204 

39.00 

11.94 

40.04 

13.28 

41,04 

14.40 

42.65 

15.63 

10.30 

104 

1233 

39.08 

11.58 

40.16 

12.87 

41.19 

13.97 

42.81 

15.14 

10.06 

105 

1263 

39.16 

11.23 

40.27 

12.47 

41.33 

13.54 

42.96 

14.66 

9.82 

106 

1294 

39.23 

10.88 

40,35 

12.08 

41.45 

13.13 

43.09 

14.20 

9.58 

107 

1326 

39.29 

10.55 

40.43 

11.70 

41.56 

12.73 

43.21 

13.75 

9.35 

108 

1358 

39.34 

10.23 

40.50 

11.34 

41.66 

12.35 

43.32 

13.32 

9.13 

109 

1392 

39.39 

9.91 

40.56 

10.98 

41.76 

11.97 

43.42 

12.89 

8.91 

110 

1426 

39.42 

9.60 

40.61 

10.64 

41.85 

11,61 

43.49 

12.48 

8.69 

111 

1460 

39.45 

9.32 

40.65 

10.32 

41.93 

11.26 

43.55 

12.10 

8.49 

112 

1496 

39.48 

9.02 

40.68 

9.99 

42.02 

10.91 

43.59 

11.72 

8.29 

113 

1533 

39.50 

8.73 

40.71 

9.68 

42.08 

10.53 

43.63 

11.38 

8.09 

114 

1570 

39.50 

8.44 

40.72 

9.38 

42.12 

10.18 

43.67 

11.06 

7.90 

115 

1609 

39.49 

8.16 

40.74 

9.08 

42.16 

9,83 

43.72 

10.74 

7.71 

116 

1648 

39.48 

7.90 

40.73 

8.80 

42.18 

9.50 

43.76 

10.43 

7.52 

117 

1688 

39.46 

7.64 

40.73 

8.52 

42.18 

9.18 

43.80 

10.13 

7.34 

118 

1730 

39.42 

7.39 

40.72 

8.25 

42,19 

8.86 

43.85 

9.83 

7.17 

119 

1772 

39,38 

7.14 

40.71 

7.98 

42,17 

8.55 

43.89 

9.53 

7.00 

120 

1815 

39.34 

6.89 

40.69 

7.72 

42.15 

8.26 

43.91 

9.22 

6.83 

121 

1860 

39.27 

6.65 

40.65 

7.46 

42.12 

7.96 

43,93 

8.92 

6.67 

122 

1905 

39.19 

6.43 

40.60 

7.21 

42.08 

7.69 

43.93 

8.64 

6.51 

123 

1952 

39.10 

6.21 

40.54 

6.97 

42.02 

7.41 

43.93 

8.36 

6.35 

124 

2000 

39.01 

5.99 

40.48 

6.74 

41.96 

7.15 

43.93 

8.09 

6.20 

Eu(E) 

408.7 

395 

.3 

389 

.9 

374 

.2 

keV-cm* 

grfiS 

Atomic 

Weight 

102 

.9 

106 

.4 

107.9 

112 

.4 

amu 

365 


ATOMIC  SCATTERING 


In 

(49) 

Sn 

(50) 

N 

E(eV) 

fi 

f2 

fi 

fj 

0 

100 

21.06 

27.40 

19.03 

23.16 

1 

102 

22.58 

26.69 

19.94 

22.44 

2 

104 

24.00 

25.82 

20.73 

21.76 

3 

107 

25.98 

24.59 

21.63 

20.81 

4 

110 

27.82 

22.60 

22.31 

19.92 

5 

112 

28.74 

21.29 

22.67 

19.36 

6 

115 

29.87 

19.05 

23.10 

18.56 

7 

118 

30.52 

16.65 

23.27 

18.07 

8 

121 

30.58 

14.51 

23.80 

18.09 

9 

124 

30.41 

12.59 

24.77 

18.12 

10 

127 

30.06 

10.93 

26.16 

18.14 

11 

130 

29.62 

9.50 

27.57 

16.85 

12 

133 

29.14 

8.20 

28.81 

15.68 

13 

136 

28.58 

6.98 

30.24 

14.61 

14 

140 

27.79 

5.43 

31.45 

10.91 

15 

143 

26.94 

4.39 

30.99 

8.38 

16 

147 

25.72 

3.32 

29.71 

5.95 

17 

150 

24.71 

2.71 

28.44 

4.63 

18 

154 

23.54 

2.38 

26.85 

3.75 

19 

158 

22.54 

2.11 

25.38 

3.05 

20 

162 

21.60 

1.87 

24.06 

3.09 

21 

166 

20.71 

1.93 

23.19 

3.12 

22 

170 

20.00 

2.00 

22.48 

3.16 

23 

174 

19.36 

2.08 

21.87 

3.24 

24 

178 

18.76 

2.27 

21.36 

3.35 

25 

182 

18.30 

2.49 

20.95 

3.46 

26 

187 

17.85 

2.77 

20.53 

3.61 

27 

191 

17.53 

2.97 

20.24 

3.73 

28 

196 

17.23 

3.22 

19.97 

3.85 

29 

201 

17.00 

3.45 

19.72 

3.94 

30 

206 

16.80 

3.64 

19.49 

4,04 

31 

211 

16.64 

3.82 

19.31 

4.14 

32 

216  . 

16.51 

3.97 

19.15 

4.21 

33 

221 

16.40 

4.12 

19.00 

4.27 

34 

227 

16.31 

4.22 

18.82 

4.35 

35 

232 

16.21 

4.28 

18.69 

4.41 

36 

238 

16.08 

4.36 

18,54 

4.48 

37 

244 

15.96 

4.44 

18.41 

4.56 

38 

250 

15.86 

4.49 

18.28 

4.63 

39 

256 

15.73 

4.52 

18.17 

4.70 

40 

262 

15.60 

4.56 

18.06 

4.77 

41 

269 

15.44 

4.59 

17.94 

4.85 

42 

275 

15.30 

4.63 

17.87 

4.93 

43 

282 

15.12 

4.65 

17.79 

4.96 

44 

289 

14.94 

4.66 

17.69 

4.99 

45 

296 

14.72 

4.67 

17.57 

5.01 

46 

303 

14.49 

4.68 

17.45 

5.03 

47 

311 

14.21 

4.69 

17.30 

5.05 

48 

318 

13.94 

4.70 

17.15 

5.07 

49 

326 

13.60 

4.71 

16.97 

5.10 

50 

334 

13.22 

4.72 

16.79 

5.12 

51 

342 

12.82 

4.73 

16.59 

5.14 

52 

351 

12.30 

4.74 

16.34 

5.16 

53 

359 

11.77 

4.75 

16.10 

5.19 

54 

368 

11.12 

4.76 

15.81 

5.21 

55 

377 

10.37 

4.77 

15.49 

5.23 

56 

386 

9.45 

4.78 

15.15 

5.25 

57 

396 

8.28 

4.79 

14.75 

5.27 

58 

406 

6.74 

4.78 

14.27 

5.22 

59 

415 

4.76 

4.77 

13.73 

5.18 

60 

426 

0.89 

4.77 

12.97 

5.13 

61 

436 

-6.18 

4.76 

12.16 

5.09 

62 

447 

-11.42 

M  38.24 

11.02 

5.05 

63 

458 

-0.68 

37.20 

9.62 

5.01 

64 

469 

2.73 

36.21 

7.88 

4.97 

FACTOR.  fi+  if 2 

Sb  (51) 
fl  f2 

Te  (52) 
fx  fx 

X(A) 

25.26 

21.77 

21.60 

28.63 

124.0 

26.45 

20.99 

24.03 

26.96 

121.5 

27.75 

20.25 

25.65 

25.41 

119.2 

29.84 

17.56 

27.76 

23.30 

115.9 

30.42 

14.87 

29.78 

21.42 

112.7 

30.47 

13.34 

30.98 

18.89 

110.7 

30.44 

11.38 

31.60 

15.71 

107.8 

30.42 

9.57 

31.52 

13.13 

105.1 

29.83 

7.44 

31.20 

10.82 

102.5 

28.99 

5.82 

30.57 

8.61 

100.0 

27.95 

4.59 

29.55 

6.90 

97.6 

26.89 

3.67 

28.50 

5.55 

95.4 

25.83 

2.94 

27.41 

4.49 

93.2 

24.71 

2.52 

26.34 

3.65 

91.2 

23.58 

2.36 

24.87 

2.79 

88.6 

22.90 

2.25 

23.91 

2.60 

86.7 

22.05 

2.12 

22.79 

2.37 

84.3 

21.42 

2.09 

22.00 

2.22 

82.7 

20.71 

2.24 

21.04 

2.31 

80.5 

20.14 

2.45 

20.31 

2.53 

78.5 

19.68 

2.67 

19,74 

2.76 

76.5 

19.32 

2.91 

19.28 

3.00 

74.7 

19.07 

3.17 

18.96 

3.26 

72.9 

18.90 

3.35 

18.72 

3.45 

71.3 

18.74 

3.47 

18.51 

3.58 

69.7 

18.59 

3.59 

18.31 

3.71 

68.1 

18.43 

3.75 

18,’'' 

3.89 

66.3 

18.32 

3.89 

17. 9t) 

4.03 

64.9 

18.22 

4.01 

17.83 

4.17 

63.3 

18.13 

4.12 

17.70 

4.29 

61.7 

18.04 

4.23 

17.60 

4.41 

60.2 

17.97 

4.34 

17.51 

4.53 

58.8 

17.91 

4.42 

17.43 

4.62 

57.4 

17.85 

4.49 

17.36 

4.70 

56.1 

17.77 

4.58 

17.27 

4.80 

54.6 

17.71 

4.65 

17.20 

4.88 

53.4 

17.64 

4.74 

17.12 

4.98 

52.1 

17.58 

4.83 

17.05 

5.08 

50.8 

17.51 

4.91 

16.98 

5.17 

49.6 

17.46 

5.00 

16.92 

5.27 

48.4 

17.41 

5.08 

16.87 

5.36 

47.3 

17.36 

5.18 

16.82 

5.48 

46.1 

17.34 

5.26 

16.80 

5.57 

45.1 

17.31 

5.31 

16.78 

5  63 

44.0 

17.27 

5.34 

16.75 

5.66 

42.9 

17.20 

5.37 

16.69 

5.70 

41.9 

17.12 

5.39 

16.62 

5.73 

40.9 

17.02 

5.42 

16.53 

5.77 

39.9 

16.92 

5.45 

16.43 

5.80 

39.0 

16.79 

5.48 

16.32 

5.84 

38.0 

16.64 

5.50 

16.19 

5.88 

37.1 

16.49 

5.53 

16.05 

5.91 

36.3 

16.29 

5.56 

15.88 

5.95 

35.3 

16.09 

5.59 

15.72 

5.99 

34.5 

15.86 

5.62 

15.52 

6.03 

33.7 

15.60 

5.65 

15.30 

6.06 

32.9 

15.31 

5.68 

15.07 

6.10 

32.1 

14.98 

5.69 

14.81 

6.13 

31.3 

14.58 

5.65 

14.49 

6.10 

30.5 

14,13 

5.62 

14.14 

6.07 

29.9 

13.50 

5.1  J 

13.64 

6.03 

29.1 

12.84 

5.54 

13.13 

6.00 

28.4 

11.92 

5.50 

12.48 

5.97 

27.7 

10.83 

5.46 

11.71 

5.93 

27.1 

9.50 

5.41 

10.78 

5.89 

26.4 
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_N 

E(eV) 

_ i 

In  (49) 
Indium 

i 

Sn  (50) 

Tin 

:  1  f  2 

Sb  (51) 
Antimony 

Te  (52) 
Tellurium 
fl  f2 

X(A) 

65 

480 

5 

.43 

35, 

.26 

5. 

.37 

4. 

.93 

7, 

.80 

5, 

.36 

9, 

.72 

5, 

.84 

25. 

83 

66 

492 

7 

.73 

34, 

.28 

0, 

.49 

4. 

.88 

5, 

,11 

5, 

.32 

8. 

.32 

5, 

.80 

25. 

,20 

67 

504 

9 

.95 

33, 

.36 

-10. 

.86 

4. 

.84 

1, 

.38 

5, 

.27 

6. 

.51 

5. 

.75 

24. 

,60 

68 

516 

12 

.39 

32, 

.47 

-16. 

.84 

M 

34, 

.78 

-5, 

,29 

5, 

.22 

4, 

,27 

5, 

.71 

24. 

,03 

69 

529 

15 

.51 

31, 

.56 

3, 

.36 

33. 

.93 

-34, 

.12 

M 

40, 

.41 

0, 

.91 

5, 

.66 

23. 

,44 

70 

542 

17 

.86 

30 

.70 

8 

.78 

33, 

.13 

-6 

.88 

39 

.05 

-3, 

.86 

5, 

.60 

22, 

.87 

71 

555 

19 

.79 

29, 

.88 

13. 

.12 

32. 

.36 

7. 

.61 

37, 

.77 

-12. 

.51 

5, 

.54 

22. 

,34 

72 

569 

21 

.21 

29, 

.04 

16, 

.13 

31 

.51 

12, 

.91 

36 

.46 

-53, 

.41 

M 

5 

.48 

21, 

,79 

73 

583 

22 

.27 

28, 

.30 

18, 

.33 

30, 

.74 

16. 

.44 

35, 

.30 

-23. 

.05 

63, 

.61 

21. 

,27 

74 

597 

23 

.08 

27 

.61 

20, 

.17 

30. 

.02 

19, 

.20 

34, 

.22 

8. 

.28 

57, 

.49 

20. 

,77 

75 

612 

23 

.69 

26 

.91 

21 

.86 

29. 

.29 

21, 

.67 

33, 

.13 

19, 

.12 

51 

.72 

20. 

.26 

76 

627 

23 

.81 

26 

.24 

23 

.20 

28 

.59 

23, 

.59 

32 

.10 

24, 

,74 

46 

.64 

19. 

.77 

77 

642 

23 

.51 

26 

.25 

24, 

.36 

27. 

.90 

25, 

.22 

31, 

.08 

28, 

.72 

42, 

.17 

19. 

,31 

78 

658 

23 

.79 

27 

.67 

25 

.32 

27, 

.13 

26. 

.57 

29, 

.97 

31, 

.04 

37 

.97 

18. 

.84 

79 

674 

25 

.19 

29 

.13 

25, 

.98 

26, 

.40 

27, 

.59 

28, 

.93 

32, 

.07 

34, 

.27 

18. 

,39 

80 

690 

27, 

.05 

29 

.19 

26, 

.23 

25, 

.84 

28, 

.36 

28, 

.15 

32, 

.14 

31, 

.74 

17. 

.97 

81 

707 

28 

.76 

28 

.58 

26, 

.31 

25. 

,43 

29, 

.08 

27, 

.40 

31, 

.86 

29, 

.63 

17, 

.54 

82 

725 

29 

.95 

27, 

.97 

26, 

.46 

26. 

.06 

29, 

.72 

26 

.67 

31, 

.54 

28, 

.85 

17. 

.10 

83 

742 

30, 

.87 

27, 

.42 

27, 

.13 

26, 

,65 

30, 

.11 

26, 

.01 

31, 

,59 

28, 

.14 

16, 

,71 

84 

760 

31 

.75 

26 

.87 

28, 

.14 

27. 

.27 

30, 

.24 

25, 

.35 

31. 

.43 

27 

.43 

16. 

,31 

85 

779 

32 

.55 

26 

.36 

29, 

.  64 

27. 

.76 

30, 

.01 

24, 

.89 

31, 

.07 

26, 

.92 

15. 

,92 

86 

798 

33 

.31 

26, 

.19 

31. 

.02 

27. 

.29 

30. 

.00 

25, 

.66 

30. 

.85 

27, 

.60 

15. 

.54 

87 

818 

34 

.16 

26, 

.02 

32. 

.20 

26. 

,82 

30, 

.51 

26, 

.47 

31, 

,37 

28, 

.32 

15. 

,16 

88 

838 

35 

.07 

25. 

.86 

33. 

,14 

26. 

.36 

31. 

.53 

27, 

.29 

32, 

.49 

29, 

.04 

14. 

,79 

89 

858 

36 

.10 

25, 

.54 

33. 

.88 

25, 

.99 

33. 

.26 

27, 

.64 

33, 

.88 

29, 

.33 

14. 

,45 

90 

879 

36 

.96 

24, 

.86 

34. 

.67 

25. 

.76 

34, 

.62 

27, 

.01 

35. 

.38 

28, 

.74 

14. 

10 

91 

901 

37 

.75 

24, 

.19 

35 

.56 

25. 

.53 

35, 

.73 

26, 

.37 

36, 

.35 

28, 

.15 

13. 

,76 

92 

923 

38 

.40 

23, 

.55 

36. 

.56 

25. 

.31 

36, 

.50 

25, 

.76 

37, 

.14 

27, 

.58 

13. 

,43 

93 

945 

38 

.98 

22, 

.94 

37, 

.53 

24. 

.79 

37, 

.15 

25, 

.42 

37, 

.80 

27, 

.25 

13. 

,12 

94 

968 

39 

.53 

22. 

.34 

38. 

.44 

24. 

.14 

37, 

.88 

25, 

.17 

38. 

.55 

27, 

.01 

12. 

.81 

95 

992 

40 

.07 

21. 

.75 

39. 

.21 

23. 

,50 

38, 

.72 

24 

.93 

39, 

.50 

26 

.77 

12, 

,50 

96 

1016 

40 

.58 

21. 

.17 

39. 

.91 

22. 

,87 

39, 

.77 

24 

.60 

40, 

.54 

26 

.43 

12, 

,20 

97 

1041 

41 

.07 

20 

.51 

40, 

.56 

22. 

.18 

40, 

.71 

23 

.86 

41 

.57 

25 

.66 

11. 

.91 

98 

1067 

41 

.47 

19 

.85 

41 

.10 

21, 

.48 

41, 

.43 

23 

.12 

42, 

.34 

24 

.87 

11. 

.62 

99 

1093 

41 

.81 

19 

.24 

41 

.54 

20, 

.82 

42 

.02 

22 

.42 

42. 

.97 

24 

.13 

11. 

.34 

100 

1119 

42 

.12 

18 

.66 

41, 

.95 

20 

.19 

42, 

.54 

21 

.75 

43, 

,52 

23 

.42 

11, 

.08 

101 

1147 

42 

.41 

18 

.06 

42, 

.34 

19, 

.55 

43, 

.03 

21 

.07 

44, 

.05 

22 

.71 

10, 

.81 

102 

1175 

42 

.67 

17 

.50 

42 

.68 

18. 

,95 

43. 

,45 

20, 

.43 

44, 

,50 

22, 

.03 

10. 

.55 

103 

1204 

42 

.90 

16 

.95 

42 

.98 

18, 

.36 

43 

.83 

19 

.81 

44, 

.92 

21, 

.36 

10, 

,30 

104 

1233 

43 

.11 

16 

.44 

43, 

.26 

17. 

.80 

44, 

.17 

19, 

,21 

45, 

.29 

20, 

.73 

10. 

,06 

105 

1263 

43 

.29 

15, 

.93 

43, 

.51 

17. 

,26 

44, 

.48 

18, 

.63 

45, 

,63 

20, 

.11 

9. 

,82 

106 

1294 

43 

.45 

15 

.43 

43 

.73 

16, 

.72 

44, 

,76 

18, 

.06 

45, 

.93 

19, 

.51 

9. 

,58 

107 

1326 

43 

.61 

14, 

.94 

43. 

.94 

16. 

,20 

45, 

.02 

17, 

.51 

46. 

.22 

18, 

.92 

9. 

.35 

108 

1358 

43 

.74 

14 

.49 

44, 

.13 

15. 

,71 

45, 

.26 

16, 

,98 

46, 

.48 

18, 

.36 

9. 

,13 

109 

1392 

43, 

.86 

14, 

.03 

44. 

.30 

15. 

.21 

45, 

.48 

16, 

.46 

46. 

.73 

17, 

.80 

8. 

.91 

110 

1426 

43 

.97 

13 

.59 

44, 

.46 

14, 

,75 

45, 

.68 

15, 

.96 

46, 

,95 

17, 

.27 

8. 

,69 

111 

1460 

44 

.07 

13, 

.18 

44. 

,59 

14, 

,30 

45. 

.87 

15, 

,49 

47, 

.16 

16, 

.77 

8. 

,49 

112 

1496 

44 

.17 

12 

.76 

44, 

.69 

13. 

,86 

46, 

.04 

15, 

,01 

47, 

,38 

It, 

.25 

8. 

.29 

113 

1533 

44, 

.22 

12, 

.36 

44. 

.81 

13. 

.44 

46. 

,20 

14, 

.53 

47. 

.57 

15, 

.73 

8. 

,09 

114 

1570 

44 

.29 

11, 

.98 

44, 

.91 

13. 

,03 

46, 

,34 

14, 

,07 

47, 

.72 

15, 

.23 

7. 

.90 

115 

1609 

44 

.34 

11 

.60 

45, 

.00 

12. 

.63 

46, 

,45 

13, 

.62 

47, 

.86 

14, 

.74 

7. 

.71 

116 

1648 

44 

.39 

11, 

.25 

45, 

.08 

12. 

.25 

46, 

,55 

13 

.19 

47, 

,98 

14, 

.27 

7, 

.52 

117 

1688 

44 

.43 

10, 

.90 

45, 

.15 

11. 

,88 

46, 

.  64 

12, 

.77 

48. 

,10 

13, 

.82 

7. 

,34 

118 

1730 

44 

.46 

10 

.55 

45, 

.22 

11. 

,52 

46, 

.73 

12, 

.36 

48. 

,21 

13, 

.37 

7, 

.17 

119 

1772 

44 

.49 

10, 

.22 

45, 

.28 

11. 

.16 

46, 

.80 

11, 

.96 

48, 

,29 

12, 

.93 

7. 

,00 

120 

1815 

44 

.51 

9, 

.89 

45, 

.33 

10, 

.81 

46, 

.86 

11, 

,57 

48. 

.37 

12, 

.49 

6. 

.83 

121 

1860 

44 

.51 

9 

.56 

45, 

.37 

10, 

,46 

46. 

,91 

11, 

.19 

48. 

.43 

12, 

.06 

6. 

.67 

122 

1905 

44 

.50 

9, 

,25 

45. 

.38 

10, 

,13 

46, 

.94 

10, 

.83 

48, 

.47 

11, 

.66 

6. 

,51 

123 

1952 

44 

.49 

8. 

.95 

45. 

,40 

9, 

.80 

46, 

,96 

10, 

.47 

48. 

.50 

11, 

.26 

6. 

,35 

124 

2000 

44 

.48 

8 

.66 

45. 

,42 

9, 

.49 

46, 

.98 

10, 

.12 

48, 

,53 

10, 

.87 

6. 

,20 

Ep(E) 

366 

.3 

354, 

,3 

345, 

.4 

329, 

.6 

keV-cm* 

gram 

Atonic 

Weight 

114 

.8 

118, 

,7 

121, 

.8 

127, 

.6 

amu 

367 


JL 

0 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 
61 
62 

63 

64 


ATOMIC  SCATTERING  FACTOR.  f,+  if 


I 

(53) 

Xe 

(54) 

E(eV) 

fi 

fj 

fi 

f  2 

100 

22.24 

28.60 

9.59 

38.52 

102 

24.05 

27.07 

13.03 

38.73 

104 

25.50 

25.66 

16.42 

38.60 

107 

27.31 

23.72 

21.30 

37.50 

110 

28.84 

21.97 

25.50 

35.41 

112 

30.01 

20.90 

28.00 

33.88 

115 

31.78 

19.43 

31.32 

30.73 

118 

33.30 

15'.  73 

33.97 

27.67 

121 

33.19 

12.80 

35.43 

23.62 

124 

32.73 

10.46 

36.14 

20.20 

127 

32.09 

8.60 

36.21 

16.95 

130 

31.35 

6.83 

35.66 

14.25 

133 

30.37 

5.35 

34.97 

12.03 

136 

29.26 

4.21 

34.07 

10.16 

140 

27.77 

3.08 

32.88 

8.11 

143 

26.58 

2.46 

31.93 

6.88 

147 

25.26 

2.37 

30.66 

5.56 

150 

24.47 

2.31 

29.72 

4.78 

154 

23.57 

2.24 

28.58 

3.97 

158 

22.81 

2.33 

27.50 

3.36 

162 

22.17 

2.49 

26.50 

2.92 

166 

.  21.64 

2.65 

25.59 

2.63 

170 

21.23 

2.81 

24.75 

2.44 

174 

20.87 

2.96 

23.93 

2.34 

178 

20.52 

3.08 

23.25 

2.30 

182 

20.15 

3.21 

22.69 

2.32 

187 

19.78 

3.60 

22.02 

2.42 

191 

19.59 

4.01 

21.53 

2.53 

196 

19.64 

4.27 

21.02 

2.70 

201 

19.61 

4.40 

20.58 

2.90 

206 

19.56 

4.54 

20.20 

3.11 

211 

19.51 

4.67 

19.86 

3.33 

216 

19.48 

4.78 

19.60 

3.56 

221 

19.44 

4.87 

19.36 

3.79 

227 

19.40 

4.99 

19.13 

4.06 

232 

19.36 

5.08 

19.00 

4.28 

238 

19.33 

5.20 

18.86 

4.54 

244 

19.30 

5.31 

18.74 

4.77 

250 

19.27 

5.42 

18.67 

5.00 

256 

19.26 

5.54 

18.63 

5.21 

262 

19.26 

5.65 

18.62 

5.41 

269 

19.27 

5.78 

18.61 

5.63 

275 

19.31 

5.89 

18.61 

5.78 

282 

19.36 

5.96 

18.62 

5.97 

289 

19.40 

6.01 

18.65 

6.12 

296 

19.41 

6.06 

18.67 

6.26 

303 

19.41 

6.10 

18.71 

6.38 

311 

19.42 

6.16 

18.75 

6.51 

318 

19.41 

6.20 

18.79 

6.60 

326 

19.39 

6.25 

18.83 

6.70 

334 

19.37 

6.30 

18.87 

6.78 

342 

19.35 

6.35 

18.91 

6.84 

351 

19.32 

6.41 

18.91 

6.90 

359 

19.28 

6.45 

18.92 

6.94 

368 

19.24 

6.51 

18.93 

6.98 

377 

19.20 

6.56 

18.91 

7.00 

386 

19.16 

6.61 

18.89 

7.02 

396 

19.13 

6.65 

18.84 

7.03 

406 

19.07 

6.62 

18.77 

7.04 

415 

18.97 

6.59 

18.66 

7.05 

426 

18. 8Z 

6.55 

18.53 

7.09 

436 

18.65 

6.52 

18.42 

7.12 

447 

18.43 

6.49 

18.27 

7.16 

458 

18.18 

6.45 

18.13 

7.15 

469 

17.86 

6.40 

17.94 

7.10 

Cs 

(55) 

Ba 

(56) 

f  1 

f2 

fi 

f2 

A  (A) 

-4.04 

35.67 

-3.97 

5.11 

124.0 

-1.19 

37.81 

-5.22 

6.16 

121.5 

1.94 

39.94 

-6.44 

7.40 

119.2 

7.01 

41.74 

-8.25 

9.58 

115.9 

12.31 

42.60 

-10.10 

12.26 

112.7 

15.78 

42.81 

-11.25 

14.53 

110.7 

20.80 

41.93 

-12.42 

18.80 

107.8 

25.55 

40.55 

-12.53 

23.71 

105.1 

29.64 

38.11 

-11.67 

28.77 

102.5 

33.10 

35.29 

-9.40 

33.50 

100.0 

36.02 

32.00 

-6.38 

37.83 

97.6 

38.28 

28.36 

-2.72 

41.68 

95.4 

39.50 

24.50 

1.67 

44.68 

93.2 

39.86 

21.08 

6.67 

46.70 

91.2 

39.62 

16.99 

13,45 

48.24 

88.6 

38.91 

14.52 

18.59 

48 . 44 

86.7 

37.84 

11 .80 

2j.05 

47.18 

84.3 

36.95 

10.09 

29.60 

45.74 

82.7 

35.68 

8.20 

34.95 

42.47 

80.5 

34.40 

6.73 

39.17 

38.41 

78.5 

33.15 

5.55 

42.43 

34.22 

76.5 

31.92 

4.65 

44.61 

28.85 

74.7 

30.80 

3.96 

45.38 

24.25 

72.9 

29.74 

3.43 

45.13 

20.00 

71.3 

28.76 

3.06 

44.33 

16.57 

69.7 

27.85 

2.79 

43.26 

13.76 

68.1 

26.85 

2.61 

41.72 

10.90 

66.3 

26.09 

2.55 

40.42 

9.05 

64.9 

25.28 

2.55 

38.7  7 

7.24 

63.3 

24.57 

2.62 

37.18 

5,84 

61.7 

23.94 

2.74 

35.68 

4.80 

60.2 

23.38 

2.89 

34.26 

4.02 

58.8 

22.90 

3.09 

32.95 

3.48 

57.4 

22.50 

3.30 

31.80 

3.11 

56.1 

22.07 

3.57 

30.53 

2.85 

54.6 

21.79 

3.80 

29.56 

2.75 

53.4 

21.50 

4.08 

28.57 

2.74 

52.1 

21.26 

4.35 

27.71 

2.82 

50.8 

21.07 

4.62 

26.94 

2.96 

49.6 

20.93 

4.88 

26.27 

3.15 

48.4 

20.82 

5.13 

25.73 

3.37 

47.3 

20.73 

5.41 

25.18 

3.67 

46.1 

20.68 

5.62 

24.77 

3.92 

45.1 

20.66 

5.87 

24.40 

4.23 

44.0 

20.66 

6.09 

24.11 

4.53 

42.9 

20.68 

6.29 

23.86 

4.83 

41.9 

20.70 

6.48 

23.67 

5.12 

40.9 

20.75 

6.66 

23.51 

5.42 

39.9 

20.81 

6.82 

23.42 

5.68 

39.0 

20.87 

6.96 

23.34 

5.95 

38.0 

20.94 

7.10 

23.30 

6.19 

37.1 

21.01 

7.21 

23.29 

6.42 

36.3 

21.09 

7.33 

23.29 

6.63 

35.3 

21.15 

7.41 

23.32 

6.81 

34.5 

21.23 

7.48 

23.36 

6.98 

33.7 

21.30 

7.55 

23.41 

7.13 

32.9 

21.35 

7.60 

23.47 

7.26 

32.1 

21.41 

7.65 

23.53 

7.38 

31.3 

21 .46 

7.67 

23.59 

7.48 

30.5 

21.48 

7.69 

23.65 

7.54 

29.9 

21.51 

7.71 

23.70 

7.62 

29.1 

21.52 

7.71 

23.74 

7.65 

28.4 

21.55 

7.72 

23.78 

7.69 

27.7 

21.51 

7.61 

23.81 

7.70 

27.1 

21.42 

7.57 

23.80 

7.71 

26.4 

r/0 


T1  (81) 


ATOMIC  SCATTERING  FACTOR,  f,+  if 
Pb  (82)  81  (83) 


Po  (84) 


I  (53)  Xe  (54)  Cs  (55)  Ba  (56) 

Iodine  Xenon  Cesliim  Barium 


N 

E(eV) 

fa 

fa 

ff 

fa 

fi 

fa 

X(A) 

65 

480 

17.52 

6.36 

17.68 

7.06 

21.32 

7.53 

23.78 

7.71 

25.83 

66 

492 

17.05 

6.31 

17.35 

7.01 

21.17 

7.48 

23.74 

7.69 

25.20 

67 

504 

16.51 

6.26 

16.97 

6.96 

21.00 

7.44 

23.64 

7.69 

24.60 

68 

516 

15.92 

6.22 

16.52 

6.92 

20.80 

7.40 

23.58 

7.76 

24.03 

69 

529 

15.16 

6.16 

15.96 

6.86 

20.56 

7.35 

23.54 

7.79 

23.44 

70 

542 

14.17 

6.10 

15.26 

6.79 

20.24 

7.28 

23.48 

7.72 

22.87 

71 

555 

13.06 

6.04 

14.50 

6.72 

19.90 

7.21 

23.36 

7.66 

22.34 

72 

569 

11.49 

5.97 

13.43 

6.64 

19.45 

7.13 

23.16 

7.59 

21.79 

73 

583 

9.30 

5.90 

12.09 

6.56 

18.89 

7.04 

22.92 

7.51 

21.27 

74 

597 

5.93 

5.84 

10.45 

6.48 

18.23 

6.96 

22.62 

7.42 

20.77 

75 

612 

-1.89 

5.77 

8.26 

6.40 

17.42 

6.88 

22.24 

7.34 

20.26 

76 

627 

-19.64  M 

5.71 

4.80 

6.32 

16.40 

6.80 

21.79 

7.26 

19.77 

77 

642 

-2.62 

38.64 

-0.50 

6.24 

15.16 

6.71 

21.26 

7.17 

19.31 

78 

658 

7.21 

36.99 

-10.25 

6.16 

13.38 

6.60 

20.54 

7.08 

18.84 

79 

674 

13.82 

35.46 

-27.49  M 

58.39 

11.11 

6.50 

19.72 

6.99 

18.39 

80 

690 

17.07 

34.26 

-6.92 

53.90 

7.24 

6.42 

18.68 

6.90 

17.97 

81 

707 

19.16 

33.11 

15.69 

49.44 

-0.42 

6.35 

17.26 

6.80 

17.54 

82 

725 

21.08 

31.97 

22.70 

44.10 

-35.83  M 

6.25 

15.01 

6.70 

17.10 

83 

742 

23.04 

30.96 

25.67 

39.69 

3.82 

41.58 

12.07 

6.60 

16.71 

84 

760 

25.53 

29.95 

28.28 

35.60 

12.65 

39.52 

6.45 

6.49 

16.31 

85 

779^^ 

28.31 

28.96 

30.23 

32.22 

19.41 

37.50 

-16.61  M 

6.39 

15.92 

86 

798 

30.77 

28.16 

30.37 

31.23 

23.25 

35.59 

2.23 

34.43 

15.54 

87 

818 

31.77 

27.37 

30.70 

30.25 

25.94 

33.74 

15.29 

33.59 

15.16 

88 

838 

31.78 

26.61 

31.50 

29.31 

27.81 

32.02 

19.97 

32.80 

14.79 

89 

858 

31.07 

26.44 

31.93 

28.46 

29.11 

30.64 

23.08 

32.04 

14  45 

90 

879 

30.77 

27.48 

32.16 

27.66 

30.10 

29.71 

25.53 

31.28 

14.10 

91 

901 

31.46 

28.58 

32.41 

26.^7 

'  30.98 

28.80 

27.70 

30.53 

13.76 

92 

923 

32.84 

29.69 

31.78 

26.12 

31.70 

27.93 

29.41 

29.81 

13.43 

93 

945 

34.97 

29.45 

31.87 

28.22 

32.14 

27.15 

30.84 

29.03 

13.12 

94 

968 

36.49 

28.60 

32.90 

28.63 

32.19 

26.39 

32.14 

28.22 

12.81 

95 

992 

37.69 

27.76 

34.33 

29.06 

31.45 

25.64 

33.10 

27.41 

12.50 

96 

1016 

38.58 

26.98 

36.05 

29.28 

29.39 

26.03 

33.87 

26.65 

12.20 

97 

1041 

39.33 

26.30 

37.61 

28.52 

31.08 

32.40 

34.23 

25.88 

11.91 

98 

1067 

40.04 

25.68 

38.51 

27.90 

34.85 

31.47 

34.58 

25.90 

11.62 

99 

1093 

40.73 

25.10 

39.46 

27.31 

37.31 

30.59 

35.12 

25.93 

11.34 

100 

1119 

41.34 

24.54 

40.31 

26.75 

38.79 

29.76 

35.76 

25.95 

11.08 

101 

1147 

41.97 

23.97 

41.11 

26.17 

40.14 

28.91 

36.52 

25.97 

10.81 

102 

1175 

42.56 

23.42 

41.92 

25.62 

41.29 

28.10 

37.32 

25.99 

10.55 

103 

1204 

43.12 

22.88 

42.63 

25.07 

42.24 

27.30 

38.19 

26.02 

10.30 

104 

1233 

43.68 

22.37 

43.34 

24.54 

43.10 

26.55 

39.16 

26.04 

10.06 

105 

1263 

44.26 

21.81 

44.13 

23.96 

43.90 

25.79 

40.29 

25.90 

9.82 

106 

1294 

44.76 

21.16 

44.78 

23.24 

44.60 

25.02 

41.35 

25.39 

9.58 

107 

1326 

45.21 

20.52 

45.33 

22.53 

45.24 

24.26 

42.23 

24.89 

9.35 

108 

1358 

45.60 

19.92 

45.83 

21.87 

45.83 

23.55 

42.99 

24.40 

9.13 

109 

1392 

45.96 

19.31 

46.29 

21.19 

46.36 

22.83 

43.75 

23.91 

8.91 

110 

1426 

46.28 

18.74 

46.71 

20.56 

46.83 

22.15 

44.45 

23.44 

8.69 

111 

1460 

46.57 

18.19 

47.13 

19.95 

47.27 

21.50 

45.13 

23.00 

8.49 

112 

1496 

46.85 

17.64 

47.55 

19.35 

47.69 

20.85 

45.84 

22.49 

8.29 

113 

1533 

47.09 

17.08 

47.86 

18.76 

48.05 

20.20 

46.50 

21.85 

8.09 

114 

1570 

47.31 

16.56 

48.14 

18.21 

48.39 

19.58 

47.01 

21.24 

7.90 

115 

1609 

47.51 

16.04 

48.37 

17.66 

48.69 

18.97 

47.50 

20.63 

7.71 

116 

1648 

47.69 

15.54 

48.52 

17.13 

48.96 

18.39 

47.94 

20.05 

7.52 

117 

1688 

47.85 

15.06 

48.64 

16.62 

49.22 

17.83 

48.33 

19.48 

7.34 

118 

1730 

48.00 

14.59 

48.72 

16.12 

49.47 

17.27 

48.72 

18.92 

7.17 

119 

1772 

48.14 

14.13 

48.76 

15.62 

49.69 

16.72 

49.07 

18.37 

7.00 

120 

1815 

48.25 

13.68 

48.79 

15.14 

49.88 

16.18 

49.37 

17.82 

6.83 

121 

1860 

48.36 

13.24 

48.83 

14.66 

50.06 

15.65 

49.65 

17.27 

6.67 

122 

1905 

48.42 

12.82 

48.86 

14.21 

50.19 

15.15 

49.90 

16.76 

6.51 

123 

1952 

48.49 

12.41 

48.89 

13.76 

50.31 

14.66 

50.12 

16.25 

6.35 

124 

2000 

48.57 

12.01 

48.92 

13.33 

50.44 

14.18 

50.34 

15.76 

6.20 

Eu(E) 

331 

.4 

320 

.3 

316 

.4 

306, 

.2 

keV-cm* 

gram 

Atomic 

Weight 

126 

.9 

131 

.3 

132 

.9 

137 

.3 

amu 

369 


ATOMIC  SCATTERING  FACTOR,  fi+  Ifj 


La 

(57) 

Ce 

(58) 

Pr 

(59) 

Nd 

(60) 

N 

E(eV) 

fj 

fi 

fi 

f» 

f? 

X(A) 

0 

100 

-3.70 

11.52 

2.89 

5.21 

13.95 

4.31 

12.33 

5.27 

124.0 

1 

102 

-5.50 

13.59 

1.96 

5.50 

13.33 

4.65 

11.88 

5.29 

121.5 

2 

104 

-7.18 

15.98 

0.95 

5.81 

12.67 

5.02 

11.31 

5.31 

119.2 

3 

107 

-9.53 

20.26 

-0.87 

6.28 

11.64 

5.60 

10.34 

5.33 

115.9 

4 

110 

-11.77 

25.52 

-3.51 

6.79 

10.41 

6.24 

8.99 

5.36 

112.7 

5 

112 

-16.24 

29.66 

-6.52 

7.14 

9.15 

6.69 

7.64 

5.37 

110V7 

6 

115 

-15.81 

44.03 

-13.10 

9.15 

6.82 

8.00 

5.11 

5.98 

107.8 

7 

118 

-0.39 

71.30 

-20.59 

17.49 

4.42 

11.37 

2.43 

8.38 

105.1 

8 

121 

18.82 

62.53 

-24.77 

32.87 

2.72 

16.01 

0.15 

11.66 

102.5 

9 

124 

30.16 

55.01 

-17.63 

60.83 

2.50 

22.35 

-1.45 

16.09 

100.0 

10 

127 

36.60 

48.55 

15.58 

64.45 

6.16 

30.96 

-1.85 

22.04 

97.6 

11 

130 

40.72 

42.97 

27.52 

52.14 

14.96 

42.57 

-0.79 

29.95 

95.4 

12 

133 

44.26 

37.63 

32.82 

42.81 

31.65 

38.83 

7.88 

38.27 

93.2 

13 

136 

45.86 

31.37 

34.88 

36.73 

36.66 

29.22 

16.21 

36.46 

91.2 

14 

140 

46.04 

24.76 

36.55 

30.11 

38.86 

20.20 

23.32 

32.69 

88.6 

15 

143 

45.28 

20.82 

36.98 

26.03 

38.11 

15.42 

26.24 

30.18 

86.7 

16 

147 

43.99 

16.62 

36.74 

21.54 

36.19 

10.85 

28.99 

27.20 

84.3 

17 

150 

42.83 

14.09 

36.04 

18.75 

34.16 

8.39 

30.66 

25.20 

82.7 

18 

154 

41.16 

11.45 

34.79 

16.36 

31.22 

7.68 

32.39 

22.27 

80.5 

19 

158 

39.59 

9.38 

33.97 

14.59 

29.90 

7.84 

33.04 

19.54 

78.5 

20 

162 

38.09 

7.73 

33.27 

13.06 

29.14 

7.99 

33.29 

17.20 

76.5 

21 

166 

36.64 

6.39 

32.58 

11.71 

28.78 

8.14 

33.24 

15.18 

74.7 

22 

170 

35.21 

5.31 

31.86 

10.53 

28.87 

8.29 

32.95 

13.45 

72.9 

23 

174 

33.90 

4.57 

31.12 

9.59 

29.12 

7.96 

32.46 

12.03 

71.3 

24 

178 

32.68 

4.03 

30.39 

8.81 

29.21 

7.32 

31.91 

10.84 

69.7 

25 

182 

31.64 

3.56 

29.64 

8.11 

29.05 

6.75 

31.28 

9.79 

68.1 

26 

187 

30.35 

3.01 

28.69 

7.70 

28.79 

6.24 

30.39 

8.84 

66.3 

27 

191 

29.26 

2.62 

28.19 

7.52 

28.58 

5.92 

29.57 

8.23 

64.9 

28 

196 

27.84 

2.70 

27.68 

7.24 

28.32 

5.48 

28.58 

7.99 

63.3 

29 

201 

26.83 

3.05 

27.22 

6.95 

27.98 

5.05 

27.97 

7.99 

61.7 

30 

206 

26.05 

3.43 

26.75 

6.69 

27.56 

4.67 

27.50 

7.99 

60.2 

31 

211 

25.47 

3.84 

26.23 

6.44 

27.06 

4.33 

27.11 

7.98 

58.8 

32 

216 

25.09 

4.11 

25.67 

6.45 

26.48 

4.33 

26.78 

8.05 

57.4 

33 

221 

24.74 

4.33 

25.29 

6.54 

26.08 

4.43 

26.56 

8.14 

56.1 

34 

227 

24.35 

4.60 

24.96 

6.64 

25.70 

4.55 

26.35 

8.24 

54.6 

35 

232 

24.06 

4.83 

24.74 

6.73 

25.45 

4.65 

26.21 

8.33 

53.4 

36 

238 

23.77 

5;i2 

24.52 

6.83 

25.20 

4.77 

26.10 

8.43 

52.1 

37 

244 

23.53 

5.42 

24.34 

6  .3 

24.98 

4.89 

26.01 

8.53 

50.8 

38 

250 

23.33 

5.72 

24.19 

7.03 

24.78 

5.01 

25.95 

8.63 

49.6 

39 

256 

23.20 

6.04 

24.07 

7.13 

24.60 

5.13 

25.92 

8.73 

48.4 

40 

262 

23.11 

6.37 

23.98 

7.23 

24.42 

5.25 

25.90 

8.83 

47.3 

41 

269 

23.09 

6.76 

23.89 

7.35 

24.21 

5.39 

25.89 

8.94 

46.1 

42 

275 

23.23 

7.10 

23.82 

7.44 

24.03 

5.51 

25.90 

9.03 

45.1 

43 

282 

23.42 

7.27 

23.76 

7.57 

23.74 

5.66 

25.92 

9.15 

44.0 

44 

289 

23.58 

7.34 

23.72 

7.69 

23.48 

6.03 

25.96 

9.26 

42.9 

45 

296 

23.66 

7.42 

23.70 

7.82 

23.29 

6.42 

26.01 

9.37 

41.9 

46 

303 

23.73 

7.49 

23.69 

7.95 

23.20 

6.82 

26.07 

9.48 

40.9 

47 

311 

23.79 

7.56 

23.69 

8.09 

23.14 

7.30 

26.14 

9.61 

39.9 

48 

318 

23.84 

7.63 

23.70 

8.21 

23.15 

7.73 

26.23 

9.72 

39.0 

49 

326 

23.90 

7.71 

23.74 

8.35 

23.23 

8.25 

26.33 

9.84 

38.0 

50 

334 

23.95 

7.78 

23.78 

8.49 

23.49 

8.78 

26.44 

9.96 

37.1 

51 

342 

24.01 

7.86 

23.84 

8.63 

23.84 

9.29 

26.56 

10.08 

36.3 

52 

351 

24.07 

7.94 

23.91 

8.79 

24.32 

9.45 

26.70 

10.21 

35.3 

53 

359 

24.13 

8.01 

23.99 

8.92 

24.62 

9.59 

26.84 

10.33 

34.5 

54 

368 

24.21 

8.09 

24.10 

9.07 

24.92 

9.74 

27.01 

10.46 

33.7 

55 

377 

24.28 

8.17 

24.23 

9.23 

25.21 

9.89 

27.21 

10.58 

32.9 

56 

386 

24.38 

8.25 

24.40 

9.38 

25.52 

10.04 

27.42 

10.71 

32.1 

57 

396 

24.51 

8.32 

24.66 

9.50 

25.92 

10.15 

27.74 

10.80 

31.3 

58 

406 

24.63 

8.32 

24.87 

9.48 

26.24 

10.12 

28.01 

10.76 

30.5 

59 

415 

24.71 

8.32 

25.02 

9.46 

26.50 

10.10 

28.22 

10.73 

29.9 

60 

426 

24.78 

8.31 

25.17 

9.44 

26.75 

10.07 

28.43 

10.69 

29.1 

61 

436 

24.84 

8.31 

25.29 

9.42 

26.95 

10.04 

28.61 

10.66 

28.4 

62 

447 

24.90 

8.30 

25.41 

9.40 

27.16 

10.01 

28.79 

10.62 

27.7 

63 

458 

24.95 

8.29 

25.52 

9.36 

27.36 

9.97 

28.97 

10.58 

27.1 

64 

469 

24.98 

8.26 

25.60 

9.32 

27.53 

9.92 

29.12 

10.52 

26.4 

ft 
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La 

(57) 

Ce 

(58) 

Pr 

(59) 

Nd 

(60) 

Lanthantio 

Cerium 

Praseodymium 

Neodymium 

N 

E(eV) 

f2 

fi 

£2 

fi 

fi 

fi 

£2 

X(A) 

6S 

480 

25.00 

8.23 

25.67 

9.27 

27.68 

9.87 

29.26 

10.46 

25.83 

66 

492 

25.00 

8.20 

25.73 

9.23 

27.83 

9.81 

29.40 

10.40 

25.20 

67 

504 

24.99 

8.18 

25.78 

9.18 

27.96 

9.76 

29.53 

10.34 

24.60 

68 

516 

24.98 

8.15 

25.82 

9.14 

28.08 

9.71 

29.65 

10.28 

24.03 

69 

529 

24.95 

8.11 

25.85 

9.08 

28.20 

9.65 

29.78 

10.21 

23.44 

70 

542 

24.89 

8.05 

25.86 

9.00 

28.29 

9.56 

29.89 

10.12 

22.87 

71 

555 

24.82 

8.00 

25.85 

8.93 

28.38 

9.48 

29.98 

10.03 

22.34 

72 

569 

24.71 

7.93 

25.81 

8.83 

28.43 

9.38 

30.06 

9.93 

21.79 

73 

583 

24.56 

7.86 

25.74 

8.74 

28.46 

9.28 

30.11 

9.82 

21.27 

74 

597 

24.38 

7.78 

25.64 

8.65 

28.47 

9.18 

30.14 

9.71 

20.77 

75 

612 

24.16 

7.71 

25.49 

8.55 

28.45 

9.08 

30.15 

9.60 

20.26 

76 

627 

23.88 

7.64 

25.31 

8.46 

28.41 

8.98 

30.15 

9.50 

19.77 

77 

642 

23.56 

7.55 

25.13 

8.36 

28.34 

8.87 

30.14 

9.38 

19.31 

78 

658 

23.15 

7.45 

24.86 

8.23 

28.22 

8.73 

30.07 

9.24 

18.84 

79 

674 

22.66 

7.34 

24.51 

8.10 

28.07 

8.60 

29.97 

9.10 

18.39 

80 

690 

22.05 

7.27 

24.10 

8.01 

27.86 

8.50 

29.83 

9.00 

17.97 

81 

707 

21.33 

7.19 

23.64 

7.92 

27.63 

8.41 

29.69 

8.90 

17.54 

82 

725 

20.38 

7.08 

23.03 

7.79 

27.31 

8.27 

29.48 

8.75 

17.10 

83 

742 

19.21 

6.98 

22.34 

7.67 

26.97 

8.15 

29.25 

8.62 

16.71 

84 

760 

17.57 

6.88 

21.46 

7.55 

26.51 

8.02 

28.95 

8.48 

16.31 

85 

779 

15.33 

6.77 

' 20.32 

7.43 

25.95 

7.89 

28.58 

8.35 

15.92 

86 

798 

11.75 

6.67 

18.88 

7.30 

25.25 

7.75 

28.09 

8.20 

15.54 

87 

818 

-2.2a 

6.57 

16.76 

7.17 

24.35 

7.61 

27.52 

8.05 

15.16 

88 

838 

-8.01 

M 

35.41 

13.60 

7.04 

23.17 

7.48 

26.77 

7.91 

14.79 

89 

858 

11.71 

34.38 

8.13 

6.93 

21.70 

7.35 

25.88 

7.78 

14.45 

90 

879 

18.46 

33.38 

-12.92 

M 

6.81 

19.72 

7.21 

24.71 

7.63 

14.10 

91 

901 

22.26 

32.40 

2.59 

37.19 

16.09 

7.08 

23.02 

7.49 

13.76 

92 

923 

25.30 

31.46 

16.38 

35.95 

9.81 

M 

6.95 

20.61 

7.35 

13.43 

93 

945 

27.48 

30.59 

21.26 

34.78 

-16.58 

37.24 

14.56 

7.22 

13.12 

94 

968 

29.13 

29.73 

24.77 

33.63 

13.32 

36.08 

2.10 

M 

7.09 

12.81 

95 

992 

30.58 

28.87 

27.25 

32.50 

20.03 

34.94 

11.26 

30.51 

12.50 

96 

1016 

31.71 

28.06 

29.04 

31.46 

25.66 

33.87 

21.12 

30.04 

12.20 

97 

1041 

32.32 

27.26 

30.20 

30.50 

29.00 

32.81 

25.16 

29.57 

11.91 

98 

1067 

32.93 

27.24 

31.16 

30.42 

31.43 

31.75 

27.63 

29.08 

11.62 

99 

1093 

33.64 

27.22 

32.26 

30.34 

33.42 

30.74 

29.99 

28.62 

11.34 

100 

1119 

34.45 

27.20 

33.38 

30.26 

35.03 

29.79 

31.51 

28.17 

11.08 

101 

1147 

35.33 

27.17 

34.55 

30.18 

36.44 

28.83 

33.09 

27.71 

10.81 

102 

1175 

36.22 

27.15 

35.69 

30.10 

37.51 

27.91 

34.26 

27.27 

10.55 

103 

1204 

37.17 

27.13 

36.87 

30.02 

38.42 

27.02 

35.27 

26.83 

10.30 

104 

1233 

38.21 

27.11 

38.10 

29.94 

38.78 

26.18 

35.91 

26.41 

10.06 

105 

1263 

39.33 

26.96 

39.42 

29.73 

39.05 

25.64 

36.53 

26.19 

9.82 

106 

1294 

40.38 

26.53 

40.71 

29.22 

39.40 

25.76 

37.12 

26.43 

9.58 

107 

1326 

41.32 

26.10 

41.80 

28.71 

39.86 

25.88 

37.84 

26.68 

9.35 

108 

1358 

42.17 

25.68 

42.78 

28.22 

40.53 

26.00 

38.68 

26.92 

9.13 

109 

1392 

43.00 

25.26 

43.74 

27.73 

41.32 

26.12 

39.65 

27.18 

8.91 

110 

1426 

43.80 

24.85 

44 .66 

27.25 

42.17 

26.24 

'0.68 

27.43 

8.69 

111 

1460 

44.60 

24.46 

45.58 

26.80 

43.04 

26.36 

^96 

27.68 

8.49 

112 

1496 

45.49 

23.99 

46.61 

26.25 

44.13 

26.?’> 

39 

27.71 

8.29 

113 

1533 

46.24 

23.30 

47.49 

25.46 

45.72 

26.68 

J 

27.09 

8.09 

114 

1570 

46.90 

22.64 

48.21 

24.72 

47.02 

25.86 

J 

26.50 

7.90 

115 

1609 

47.48 

21.99 

48.86 

23.98 

48.15 

25.05 

46.80 

26.85 

7.71 

116 

1648 

47.97 

21.37 

49.44 

23.27 

48.95 

2'4.28 

48.15 

26.02 

7.52 

117 

1688 

48.43 

20.76 

49.96 

22.59 

49.74 

23.54 

49.27 

25.21 

7.34 

118 

1730 

48.87 

20.16 

50.48 

21.91 

50.41 

22.80 

50.12 

24.41 

7.17 

119 

1772 

49.26 

19.57 

50.93 

21.23 

50.99 

22.07 

50.84 

23.63 

7.00 

120 

1815 

49.61 

19.00 

. 51.31 

20.57 

51.51 

21.36 

51.47 

22.87 

6.83 

121 

1860 

49.94 

18.43 

51.66 

19.91 

51.95 

20.65 

52.00 

22.12 

6.67 

122 

1905 

50.18 

17.89 

51.97 

19.29 

52.30 

19.99 

52.44 

21.41 

6.51 

123 

1952 

50.44 

17.36 

52.25 

18.68 

52.67 

19.33 

52.89 

20.71 

6.35 

124 

2000 

50.70 

16.84 

52.54 

18.09 

53.05 

18.70 

53.35 

20.04 

6.20 

Eu(E) 

-^7- 

302 

.8 

300 

.2 

298.5 

291 

.6 

keV-cm* 

gram 

Atomlc 

Weight 

138 

.9 

140, 

.1 

140. 

.9 

144. 

.2 

amu 

371 


ATOMIC  SCATTERING  FACTOR,  fi+  if 2 


Pm 

(61) 

Sm 

(62) 

Eu 

(63) 

Gd 

(64) 

N 

E(eV) 

f2 

fi 

f2 

fi 

f2 

ft 

f* 

X(A) 

0 

100 

11.68 

5.80 

8.60 

6.65 

14.42 

6.27 

13.48 

8.14 

124.0 

1 

102 

11.27 

5.78 

8.27 

6.53 

14.14 

6.17 

13.38 

8.07 

121.5 

2 

104 

10.76 

5.76 

7.88 

6.41 

13.81 

6.09 

13.25 

8.00 

119.2 

3 

107 

9.85 

5.74 

7.16 

<,.15 

13.23 

5.96 

13.01 

7.90 

115.9 

4 

110 

8.57 

5.72 

6.19 

6.09 

12.34 

5.84 

12.68 

7.80 

112.7 

5 

112 

7.25 

5.70 

5.09 

5.98 

11.68 

6.05 

12.39 

7.74 

110.7 

6 

115 

5.03 

6.48 

3.30 

6.19 

10.68 

6.37 

11.92 

7.59 

107.8 

7 

118 

2.91 

8.37 

1.46 

7.33 

9.65 

6.70 

11.29 

7.33 

105.1 

8 

121 

1.08 

10.74 

-0.12 

8.63 

8.39 

7.04 

10.29 

7.08 

102.5 

9 

124 

-0.45 

13.69 

-1.78 

10.13 

6.70 

7.39 

8.93 

6.85 

100.0 

10 

127 

-1.63 

17.36 

-3.63 

11.84 

4.09 

7.75 

7.10 

6.62 

97.6 

11 

130 

-2.42 

21.90 

-5.87 

13.79 

-0.10 

8.12 

4.56 

6.41 

95.4 

12 

133 

-2.07 

27.49 

-9.10 

16.65 

-5.46 

13.71 

0.10 

6.85 

93.2 

13 

136 

1.87 

34.34 

-12.30 

23.39 

-6.44 

22.89 

-4.79 

10.69 

91.2 

14 

140 

11.22 

44.13 

-12.98 

36.38 

0.75 

44.57 

-10.25 

19.09 

88.6 

15 

143 

19.89 

39.99 

-2.76 

50.24 

12.19 

39.92 

-12.20 

29.17 

86.7 

16 

147 

26.41 

35.17 

12.40 

51.82 

21.11 

34.58 

-2.16 

50.64 

84.3 

17 

150 

29.31 

32.01 

22.29 

48.14 

24.06 

31.13 

18.18 

57.38 

82.7 

18 

154 

31.46 

28.32 

29.49 

41.34 

24.91 

28.08 

30.03 

42.09 

80.5 

19 

158 

32.55 

25.14 

32.83 

34.80 

25.88 

26.84 

32.92 

34.76 

78.5 

20 

162 

33.08 

22.38 

34.46 

29.42 

26.96 

25.70 

34.70 

28.84 

76.5 

21 

166 

33.19 

19.98 

34.88 

24.98 

28.00 

24.62 

35.11 

24.04 

74.7 

22 

170 

33.02 

18.53 

33.81 

21.29 

28.88 

23.62 

33.87 

20.12 

72.9 

23 

174 

32.96 

17.22 

32.75 

19.18 

29.67 

22.68 

32.56 

18.05 

71.3 

24 

178 

32.87 

16.03 

31.69 

17.99 

30.35 

21.79 

31.08 

17.02 

69.7 

25 

182 

32.76 

14.94 

31.16 

16.90 

31.00 

20.96 

29,99 

16.07 

68.1 

26 

187 

32.60 

13.71 

30.58 

15.75 

31.79 

19.99 

28.93 

16.27 

66.3 

27 

191 

32.41 

12.82 

30.16 

14.93 

32.32 

18.56 

28.66 

16.86 

64.9 

28 

196 

32.05 

11.82 

29.64 

14.14 

32.16 

17.45 

29.37 

16.61 

63.3 

29 

201 

31.60 

10.91 

29.20 

13.47 

32.14 

16.67 

29,65 

15.94 

61.7 

30 

206 

31.02 

10.10 

28.75 

12.86 

32,12 

15.95 

29.73 

15.31 

60.2 

31 

211 

30.30 

9.36 

28.24 

12.28 

32.06 

15.27 

29.66 

14.72 

58.8 

32 

216 

29.43 

9.25 

27.71 

12.10 

31.81 

14.72 

29.49 

14.43 

57.4 

33 

221 

28.91 

9.32 

27,35 

12.03 

31.65 

14.49 

29.41 

14.23 

56.1 

34 

227 

28.48 

9.40 

27.07 

11.95 

31.55 

14.23 

29.40 

13.99 

54.6 

35 

232 

28.23 

9.47 

26.92 

11.89 

31.54 

14.02 

29.41 

13.81 

53.4 

36 

238 

28.01 

9.55 

26.79 

11.81 

31.57 

13.78 

29.43 

13.60 

52.1 

37 

244 

27.85 

9.63 

26.69 

11.74 

31.59 

13.55 

29.46 

13.39 

50.8 

38 

250 

27.72 

9.71 

26.61 

11.67 

31.62 

13.32 

29.48 

13.19 

49.6 

39 

256 

27.65 

9.79 

26.56 

11.60 

31.64 

13.11 

29.49 

13.00 

48.4 

40 

262 

27.60 

9.87 

26.50 

11.53 

31.65 

12.91 

29.49 

12.82 

47.3 

41 

269 

27.56 

9.96 

26.43 

11.46 

31.65 

12.68 

29.43 

12.62 

46.1 

42 

275 

27.53 

10.03 

26.33 

11.40 

31.62 

12.49 

29.29 

12.45 

45.1 

43 

282 

27.54 

10.13 

26.23 

11.44 

31.49 

12.28 

29.15 

12.47 

44.0 

44 

289 

27.56 

10.22 

26.17 

11.54 

31.33 

12.14 

29.05 

12.58 

42.9 

45 

296 

27.60 

10.32 

26.17 

11.63 

31.16 

12.25 

29.05 

12.69 

41.9 

46 

303 

27.64 

10.42 

26.20 

11.72 

31.13 

12.35 

29.09 

12.79 

40.9 

47 

311 

27.72 

10.53 

26.25 

11.82 

31.14 

12.47 

29.18 

12.91 

39.9 

48 

318 

27.80 

10.62 

26.32 

11.91 

31.18 

12.57 

29.25 

13.01 

39.0 

49 

326 

27.89 

10.72 

26.42 

12.00 

31.26 

12.69 

29.38 

13.13 

38.0 

50 

334 

28.00 

10.83 

26.53 

12.10 

31.38 

12.80 

29.53 

13.24 

37.1 

51 

342 

28.12 

10.93 

26.66 

12.20 

31.51 

12.91 

29.69 

13.35 

36.3 

52 

351 

28.27 

11.04 

26.81 

12.30 

31.67 

13.04 

29.88 

13.47 

35.3 

53 

359 

28.42 

11.14 

26.96 

12.39 

31.84 

13.15 

30.07 

13.58 

34.5 

54 

368 

28.60 

11.25 

27.15 

12.50 

32.05 

13.27 

30.31 

13.70 

33.7 

55 

377 

28.80 

11.36 

27.36 

12.60 

32.28 

13.38 

30.57 

13.82 

32.9 

56 

386 

29.02 

11.46 

27.62 

12.69 

32.58 

13.50 

30.88 

13.93 

32.1 

57 

396 

29.36 

11.53 

27.97 

12.75 

32.97 

13.57 

31.30 

13.99 

31.3 

58 

406 

29.62 

11.48 

28.25 

12.68 

33.29 

13.49 

31.63 

13.91 

30.5 

59 

415 

29,83 

11.43 

28.46 

12.63 

33.54 

13.42 

31.90 

13  35 

29.9 

60 

426 

30.05 

11.37 

28.70 

12.56 

33.82 

13.35 

32,19 

13.77 

29.1 

61 

436 

30,24 

11.33 

28.91 

12.50 

34.06 

13.28 

32.44 

13.70 

28.4 

62 

447 

30.43 

11.27 

29.12 

12.43 

34.31 

13.20 

32.71 

13.63 

27.7 

63 

458 

30.62 

11.21 

29.33 

12.35 

34.55 

13.11 

32.96 

13.54 

27.1 

64 

469 

30.78 

11.13 

29.51 

12.26 

34.76 

13.02 

33.18 

13.45 

26.4 

373 


ATOMIC  SCATTERING 


Tb 

(65) 

Dy 

(66) 

N 

E(eV) 

fi 

f2 

fi 

f: 

0 

100 

14.67 

7.16 

16.28 

9.04 

1 

102 

14.51 

7.27 

16.29 

9.00 

2 

104 

14.37 

7.38 

16.30 

8.97 

3 

107 

14.17 

7.54 

16.29 

8.92 

4 

110 

13.97 

7.71 

16.23 

8.88 

5 

112 

13.88 

7.82 

16.20 

8.85 

6 

115 

13.73 

7.98 

16.11 

8.79 

7 

118 

13.64 

8.14 

15.95 

8.71 

8 

121 

13.69 

8.09 

15.72 

8.63 

9 

124 

13.34 

7.64 

15.43 

8.55 

10 

127 

12.70 

7.23 

15.04 

8.47 

11 

130 

11.76 

6.85 

14.53 

8.40 

12 

133 

10.48 

6.49 

13.66 

8.45 

13 

136 

8.41 

6.12 

12.90 

8.99 

14 

140 

3.38 

5.68 

11.95 

9.76 

15 

143 

-5.94 

5.38 

11.24 

10.36 

16 

147 

-8.41 

36.83 

9.77 

11.20 

17 

150 

-0.41 

39.50 

7.92 

11.85 

18 

154 

14.76 

39.12 

4.02 

16.84 

19 

158 

22.43 

35.08 

6.35 

26.66 

20 

162 

27.04 

29.50 

1*6.40 

34.84 

21 

166 

29.11 

24.38 

25.38 

26.53 

22 

170 

28.44 

20.24 

27.05 

20.33 

23 

174 

27.02 

18.49 

25.71 

17.77 

24 

178 

26.15 

18.54 

24.97 

17.08 

25 

182 

26.37 

18.59 

24.79 

16.43 

26 

187 

26.76 

17.62 

24.67 

15.67 

27 

191 

26.79 

16.71 

24.43 

15.11 

28 

196 

26.48 

16.34 

24.09 

14.89 

29 

201 

26.48 

16.16 

23.98 

14.89 

30 

206 

26.55 

15.99 

24.02 

14.89 

31 

211 

26.66 

15.82 

24.13 

14.89 

32 

216 

26.80 

15.66 

24.26 

14.86 

33 

221 

26,97 

15.52 

24.42 

14.83 

34 

227 

27,17 

15.35 

24.60 

14.80 

35 

232 

27.32 

15.22 

24.75 

14.77 

36 

238 

27.52 

15.06 

24.93 

14.74 

37 

244 

27.71 

14,91 

25.10 

14.70 

38 

250 

27.88 

14.76 

25.25 

14.67 

39 

256 

28.05 

14.62 

25.39 

14.64 

40 

262 

28.20 

14.49 

25.52 

14.61 

41 

269 

28.36 

14.33 

25.62 

14.58 

42 

275 

28.48 

14.21 

25.67 

14.55 

43 

282 

28.56 

14.08 

25.68 

14.67 

44 

289 

28.66 

14.05 

25.78 

14.85 

45 

296 

28.78 

14.02 

25.92 

15.02 

46 

303 

28.92 

13.99 

26.08 

15.20 

47 

311 

29.09 

13.96 

26.29 

15.40 

48 

318 

29.23 

13.93 

26.50 

15.57 

49 

326 

29.39 

13.90 

26.74 

15.76 

50 

334 

29.53 

13.87 

27.01 

15.95 

51 

342 

29.65 

13.84 

27.29 

16.13 

52 

351 

29.78 

13.87 

27.62 

16.34 

53 

359 

29.94 

13.92 

27.92 

16.52 

54 

368 

30.13 

13.98 

28.29 

16.73 

55 

377 

30.34 

14.03 

28.70 

16.93 

56 

386 

30.57 

14.09 

29.15 

17.13 

57 

396 

30.86 

14.13 

29.78 

17.28 

58 

406 

31.15 

14.08 

30.32 

17.22 

59 

415 

31.39 

14.03 

30.76 

17.16 

60 

426 

31.63 

13.97 

31.23 

17.09 

61 

436 

31.85 

13.92 

31.64 

17.04 

62 

447 

32.08 

13.87 

32.09 

16.97 

63 

458 

32.29 

13.82 

32.55 

16.86 

64 

469 

32.49 

13.77 

32.94 

16.70 

FACTOR,  fi+  if2 

Ho  (67) 
fi  fz 

Er  (68) 
fi  fi 

1(A) 

15.02 

8.21 

17.34 

9.13 

124.0 

15.04 

8.32 

17.38 

9.01 

121.5 

15.06 

8.43 

17.39 

8.89 

119.2 

15,07 

8.60 

17.38 

8.71 

115.9 

15.16 

8.76 

17.32 

8.55 

112.7 

15.20 

8.87 

17.20 

8.44 

110.7 

15.27 

9.01 

16.98 

8.39 

107.8 

15.33 

9.09 

16.79 

8.58 

105.1 

15.35 

9.18 

16.78 

8.77 

102.5 

15.33 

9.26 

16.87 

8.95 

100.0 

15.33 

9.34 

17.07 

9.14 

97.6 

15.34 

9.42 

17.41 

9.33 

95.4 

15.56 

9.39 

18.54 

9.14 

93.2 

15.40 

8.95 

18.70 

7.63 

91.2 

14.83 

8.42 

18.02 

6.04 

88.6 

14.06 

8.04 

16.91 

5.09 

86.7 

12.41 

7.59 

14.93 

4.08 

84.3 

10.61 

7.27 

12.91 

3.46 

82.7 

6.85 

9.18 

9.30 

4.46 

80.5 

4.47 

13.03 

6.20 

6.97 

78.5 

3.42 

18.33 

3.65 

10.75 

76.5 

4.75 

25.58 

2.28 

16.42 

74.7 

12.26 

32.86 

5.29 

24.82 

72.9 

19.19 

30.85 

11.99 

29.24 

71.3 

23.88 

27.22 

19.13 

28.81 

69.7 

25.87 

24.09 

24.12 

24.52 

68.1 

26.70 

20.76 

26.00 

18.97 

66.3 

26.43 

18.48 

25.56 

15.52 

64.9 

25.03 

17.64 

23.27 

14.27 

63.3 

24.78 

17.64 

22.51 

14.18 

61.7 

24.82 

17.63 

21.99 

14.09 

60.2 

25.04 

17.62 

21.63 

14.00 

58.8 

25.36 

17.49 

21.31 

14.18 

57.4 

25.64 

17.33 

21,15 

14.44 

56.1 

25.95 

17.14 

21.10 

14.75 

54.6 

26.20 

16.98 

21.15 

15.01 

53.4 

26.48 

16.80 

21.27 

15.33 

52.1 

26.72 

16.63 

21.42 

15.64 

50.8 

26.93 

16.46 

21.61 

15.94 

49.6 

27.12 

16.30 

21.83 

16.25 

48.4 

27.28 

16.15 

22.08 

16.56 

47.3 

27.39 

15.97 

22.44 

16.91 

46.1 

27.42 

15.83 

22.81 

17.21 

45.1 

27.42 

15.87 

23.28 

17.40 

44.0 

27.49 

15.99 

23.70 

17.53 

42.9 

27.62 

16.12 

24.09 

17.65 

41.9 

27.79 

16.24 

24.44 

17.77 

40.9 

28.01 

16.37 

24.83 

17.91 

39.9 

28.21 

16.49 

25.17 

18.02 

39.0 

28.45 

16.62 

25.54 

18.15 

38.0 

28.71 

16.75 

25.91 

18.28 

37.1 

28.97 

16.88 

26.28 

18.41 

36.3 

29.28 

17.02 

26.69 

18.55 

35.3 

29.55 

17.14 

27.05 

18.67 

34.5 

29.88 

17.27 

27.46 

18.80 

33.7 

30.22 

17.41 

27.88 

18.94 

32.9 

30.57 

17.54 

28.31 

19.07 

32.1 

30.98 

17.63 

28.79 

19.15 

31.3 

31.35 

17.75 

29.23 

19.27 

30.5 

31.71 

17.85 

29.65 

19.38 

29.9 

32.17 

17.97 

30.18 

19.51 

29.1 

32.63 

18.08 

30.70 

19.63 

28.4 

33.18 

18.20 

31.32 

19.75 

27.7 

33.84 

18.16 

32.05 

19.71 

27.1 

34.36 

17.99 

32.64 

19.51 

26.4 

374 


Tb  (65)  Dy  (66) 


N 

E(eV) 

Terbium 
fl  f2 

Dysprosium 
fl  fl 

65 

480 

32.69 

13.72 

33.30 

16.55 

66 

492 

32.90 

13.67 

33.65 

16.39 

67 

504 

33.09 

13.62 

33.98 

16.23 

68 

516 

33.29 

13.57 

34.29 

16.08 

69 

529 

33.50 

13.51 

34.62 

15.91 

70 

542 

33.71 

13.43 

34.93 

15.74 

71 

555 

33.90 

13.36 

35.22 

15.57 

72 

569 

34.07 

13.29 

35.51 

15.37 

73 

583 

34.26 

13.21 

35.76 

15.16 

74 

597 

34.43 

13.14 

36.00 

14.97 

75 

612 

34.60 

13.07 

36.23 

14.76 

76 

627 

34.77 

13.00 

36.46 

14.57 

77 

642 

34.93 

12.93 

36.67 

14 .36 

78 

658 

35.12 

12.86 

36.85 

14.10 

79 

674 

35.31 

12.79 

36.98 

13.86 

80 

690 

35.50 

12.65 

37.09 

13.68 

81 

707 

35.69 

12.49 

37.23 

13.50 

82 

725 

35.82 

12.28 

37.35 

13.27 

83 

742 

35.92 

12.08 

37.44 

13.05 

84 

760 

35.97 

11.89 

37.52 

12.84 

85 

779 

36.01 

11.69 

37.59 

12.62 

86 

798 

36.02 

11.47 

37.62 

12.38 

87 

818 

35.98 

11.26 

37.62 

12.13 

88 

838 

35.91 

11.05 

37.58 

11.90 

89 

858 

35.78 

10.85 

37.52 

11.67 

90 

879 

35.65 

10.64 

37.42 

11.44 

91 

901 

35.44 

10.43 

37.28 

11.21 

92 

923 

35.20 

10.23 

37.09 

10.98 

93 

945 

34.90 

10.03 

36.88 

10.76 

94 

968 

34.52 

9.82 

36.61 

10.53 

95 

992 

34.04 

9.62 

36.27 

10.31 

96 

1016 

33.50 

9.42 

35.86 

10.09 

97 

1041 

32.82 

9.21 

35.39 

9.86 

98 

1067 

31.88 

9.00 

34.75 

9.63 

99 

1093 

30.74 

8.80 

33.97 

9.40 

100 

1119 

29.37 

8.60 

33.05 

9.19 

101 

1147 

27.31 

8.41 

31.87 

8.97 

102 

1175 

24.26 

8.22 

30.23 

8.77 

103 

1204 

16.60 

8.04 

27.93 

8.56 

104 

1233 

1.20 

M  7.86 

24.78 

8.37 

105 

1263 

15.24 

38.62 

18.84 

8.17 

106 

1294 

25.37 

37.30 

-8.38 

M  7.99 

107 

1326 

30.54 

36.01 

10.65 

38.40 

108 

1358 

35.35 

34.79 

23.24 

37.10 

109 

1392 

37.73 

33.57 

33.92 

35.79 

110 

1426 

40.11 

32.42 

36.75 

34.56 

111 

1460 

41.70 

31.34 

39.58 

33.40 

112 

1496 

43.04 

30.26 

41.73 

32.24 

113 

1533 

43.29 

29.21 

43.09 

31.13 

114 

1570 

42.63 

28.22 

44.39 

30.07 

115 

1609 

40.52 

27.24 

43.66 

29.03 

116 

1648 

42.97 

30.83 

42.93 

28.04 

117 

1688 

45.49 

29.84 

43.08 

31.64 

118 

1730 

48.13 

28.85 

47.29 

30.64 

119 

1772 

48.32 

29.93 

49.00 

29.70 

120 

1815 

49.53 

28.95 

49.96 

28.78 

121 

1860 

50.78 

27.98 

51.43 

29.68 

122 

1905 

52.04 

27.07 

52.19 

28.70 

123 

1952 

53.36 

26.16 

52.99 

27.74 

124 

2000 

54.61 

26.39 

53.80 

26.81 

Ey^(E) 

264.6 

258.8 

Atomic 

Weight 

158.9 

162.5 

Ho  (67)  Er  (68) 

Holmlum  Erbium 


fl 

fl 

fl 

fl 

X(A) 

34.81 

17.81 

33.16 

19.32 

25.83 

35.25 

17.63 

33.66 

19.12 

25.20 

35.64 

17.46 

34.10 

18.93 

24.60 

36.02 

17.29 

34.53 

18.74 

24.03 

36.41 

17.10 

34.96 

18.54 

23.44 

36.76 

16.89 

35.36 

18.33 

22.87 

37.09 

16.70 

35.73 

18.13 

22.34 

37.41 

16.47 

36.14 

17.89 

21.79 

37.71 

16.25 

36.49 

17.65 

21.27 

37.98 

16.04 

36.81 

17.41 

20.77 

38.26 

15.83 

37.14 

17.16 

20.26 

38.52 

15.62 

37.44 

16.93 

19.77 

38.78 

15.40 

37.75 

16.68 

19.31 

39.00 

15.14 

38.01 

16.36 

18.84 

39.19 

14.88 

38.22 

16.06 

18.39 

39.34 

14.70 

38.40 

15.84 

17.97 

39.54 

14.51 

38.61 

15.63 

17.54 

39.74 

14.23 

38.82 

15.34 

17.10 

39.89 

13.99 

38.99 

15.08 

16.71 

40.00 

13.74 

39.13 

14.81 

16.31 

40.11 

13.48 

39.26 

14.54 

15.92 

40.18 

13.22 

39.37 

14.26 

15.54 

40.23 

12.96 

39.45 

13.98 

15.16 

40.26 

12.71 

39.51 

13.71 

14.79 

40.26 

12.47 

39.54 

13.45 

14.45 

40.23 

12.22 

39.54 

13.18 

14.10 

40.17 

11.97 

39.51 

12.92 

13.76 

40.07 

11.74 

39.47 

12.66 

13.43 

39.95 

11.50 

39.39 

12.40 

13.12 

39.78 

11.25 

39.26 

12.13 

12.81 

39.57 

11.01 

39.09 

11.87 

12.50 

39.33 

10.78 

38.90 

11.61 

12.20 

39.01 

10.53 

38.64 

11.33 

11.91 

38.58 

10.27 

38.29 

11.05 

11.62 

38.08 

10.03 

37.88 

10.79 

11.34 

37.50 

9.80 

37.41 

10.53 

11.08 

36.72 

9.56 

36.77 

10.27 

10.81 

35.78 

9.33 

36.03 

10.02 

10.55 

34.55 

9.11 

35.10 

9.78 

10.30 

33.01 

8.90 

33.96 

9.54 

10.06 

30.76 

8.69 

32.47 

9.32 

9.82 

26.61 

8.49 

30.32 

9.09 

9.58 

19.60 

8.28 

27.51 

8.87 

9.35 

2.59 

M  37.99 

21.49 

8.66 

9.13 

16.08 

36.66 

1.37 

M  8.45 

8.91 

29.58 

35.41 

9.95 

39.93 

8.69 

37.62 

34.22 

23.19 

38.60 

8.49 

40.71 

33.04 

34.28 

37.27 

8.29 

43.03 

31.90 

37.66 

35.99 

8.09 

44.45 

30.83 

41.04 

34.78 

7.90 

45.90 

29.76 

42.92 

33.58 

7.71 

46.80 

28.75 

44.73 

32.45 

7.52 

46.80 

27.78 

45.95 

31.36 

7.34 

46.80 

26.82 

46.88 

30.27 

7.17 

45.41 

30.12 

46 . 46 

29.25 

7.00 

47.14 

29.14 

44.33 

33.02 

6.83 

48.95 

28.16 

46.33 

31.85 

6.67 

50.76 

27.24 

48.32 

30.75 

6.51 

52.52 

28.14 

50.41 

29.67 

6.35 

54.26 

27.18 

52.53 

28.62 

6.20 

255.0 

251.4 

V  'Will 

gram 

164.9 

167.3 

amu 

1  ’ 

ATOMIC  SCATTERING 

FACTOR,  fi 

+  Ifz 

1 

Ta 

(69) 

Yb 

(70) 

Lu 

(71) 

Hf 

(72) 

1 

1  N 

E(eV) 

fi 

f2 

fi 

f. 

fi 

f2 

fi 

fi 

X(A)  1 

1  0 

100 

11.71 

10.77 

10.21 

11.32 

9.44 

8.70 

10.63 

8.93 

124.0  1 

i  1 

102 

11.87 

10.78 

10.28 

11.48 

9.16 

8.99 

10.59 

9.08 

121.5 

•  2 

104 

11.99 

10.79 

10.34 

11.64 

9.03 

9.28 

10.59 

9.23 

119.2 

3 

107 

12.15 

10.80 

10.46 

11.87 

8.94 

9.73 

10.62 

9.46 

115.9 

4 

110 

12.28 

10.81 

10.64 

12.10 

8.96 

10.12 

10.64 

9.69 

112.7 

1  5 

112 

12.35 

10.84 

10.81 

12.25 

8.97 

10.33 

10.65 

9.85 

110.7 

6 

115 

12.38 

10.89 

11.02 

12.44 

9.02 

10.64 

10.67 

10.08 

107.8 

7 

118 

12.39 

10.94 

11.26 

12.52 

9.07 

10.97 

10.66 

10.30 

105.1 

8 

121 

12.55 

10.99 

11.41 

12.60 

9.11 

11.29 

10.60 

10.56 

102.5 

9 

124 

12.60 

11.03 

11.50 

12.68 

9.17 

11.62 

10.57 

10.91 

100.0 

10 

127 

12.66 

11.08 

11.56 

12.75 

9.25 

11.94 

10.57 

11.26 

97.6 

L  11 

130 

12.72 

11.12 

11.61 

12.83 

9.35 

12.27 

10.61 

11.62 

95.4 

L  12 

133 

12.76 

11.21 

11.52 

12.95 

9.47 

12.60 

10.66 

11.98 

93.2 

13 

136 

12.81 

11.30 

11.48 

13.28 

9.60 

12.93 

10.76 

12.36 

91.2 

I'* 

140 

12.80 

11.41 

11.56 

13.71 

9.79 

13.37 

10.89 

12.87 

88.6 

u-  15 

143 

12.92 

11.50 

11.69 

14.04 

9.96 

13.70 

11.04 

13.26 

86.7 

16 

147 

13.19 

11.61 

11.95 

14.47 

10.25 

14.15 

11.31 

13.79 

84.3 

17 

150 

13.52 

11.69 

12.23 

14.80 

10.50 

14.45 

11.56 

14.15 

82.7 

18 

154 

13.51 

10.25 

12.64 

14.83 

10.85 

14.75 

11.92 

14.50 

80.5 

1  19 

158 

12.37 

9.02 

12.73 

14.70 

11.06 

15.02 

12.22 

14.82 

78.5 

20 

162 

9.32 

7.97 

12.61 

14.56 

11.31 

15.28 

12.47 

15.14 

76.5 

21 

166 

5.25 

8.41 

11.98 

14.43 

11.56 

15.55 

12.70 

15.46 

74.7 

22 

170 

0.76 

14.98 

9.01 

14.31 

11.81 

15.81 

12.95 

15.78 

72.9 

23 

174 

4.86 

26.32 

10.49 

23.04 

12.04 

16.07 

13.22 

16.09 

71.3 

24 

178 

12.04 

26.48 

14.79 

20.64 

12.32 

16.34 

13.49 

16.41 

69.7 

25 

182 

17.32 

22.26 

15.54 

18.53 

12.54 

16.60 

13.78 

16.73 

68,1 

26 

187 

17.88 

19.08 

15.83 

17.88 

12.81 

16.92 

14.14 

17.12 

66.3 

27 

191 

17.58 

18.12 

15.55 

17.91 

12.98 

17.16 

14.45 

17.43 

64.9 

28 

196 

17.27 

17,78 

15.62 

18.19 

13.17 

17.62 

14.92 

17,76 

63.3 

29 

201 

17.42 

17.80 

15.92 

18.57 

13.54 

18.15 

15.31 

18.06 

61.7 

1  30 

206 

17.64 

17.81 

16.32 

18.96 

14.03 

18.68 

15.71 

18.36 

60.2 

31 

211 

17.92 

17.82 

16.77 

19.35 

14.64 

19.21 

16.13 

18.66 

58.8 

32 

216 

18.16 

17.88 

17.35 

19.49 

15.41 

19.38 

16.58 

18.88 

57.4 

1  33 

221 

18.42 

17.95 

17.88 

19.55 

15.95 

19.45 

16.99 

19.08 

56.1 

t . 

227 

18.76 

18.04 

18.41 

19.62 

16.52 

19.52 

17.45 

19.32 

54.6 

v'i  35 

232 

19.05 

18.12 

18.79 

19,68 

16.96 

19.58 

17.82 

19.52 

53.4 

l!  36 

238 

19.41 

18.21 

19.22 

19.75 

17.41 

19.64 

18.26 

19.75 

52.1 

it  37 

244 

19.74 

18.29 

19.63 

19.82 

17.84 

19.71 

18.70 

19.98 

50.8 

1  38 

250 

20.07 

18.37 

20.02 

19.89 

18.25 

19.78 

19.13 

20.21 

49.6 

Er  39 

256 

20.41 

18.46 

20.40 

19.96 

18.64 

19.84 

19.57 

20.43 

48.4 

W  ^8 

262 

20.71 

18.54 

20.75 

20.02 

18.98 

19.91 

20.02 

20.65 

47.3 

w 

269 

21.06 

18.63 

21.14 

20.10 

19.35 

19.98 

20.59 

20.90 

46.1 

H  42 

275 

21.36 

18.71 

21.45 

20.16 

19.65 

20.04 

21.12 

21.12 

45.1 

li  ^3 

282 

21.68 

18.79 

21.78 

20.28 

19.97 

20.18 

21.73 

21.21 

44.0 

i 

289 

22.00 

18.91 

22.14 

20.42 

20.30 

20.36 

22.29 

21.23 

42.9 

45 

296 

22.31 

19.04 

22.51 

20.55 

20.65 

20.53 

22.79 

21.25 

41.9 

46 

303 

22.63 

19.17 

22.87 

20.69 

21.01 

20.70 

23.24 

21.27 

40.9 

47 

311 

23.02 

19.32 

23.27 

20.84 

21.43 

20.89 

23.74 

21.29 

39.9 

48 

318 

23.35 

19.45 

23.66 

20.97 

21.79 

21.05 

24.13 

21.31 

39.0 

49 

326 

23.73 

19.59 

24.10 

21.11 

22.21 

21.23 

24.57 

21.33 

38.0 

50 

334 

24.12 

19.73 

24.52 

21.25 

22.64 

21.41 

24.97 

21.35 

37.1 

51 

342 

24.51 

19.87 

24.95 

21.39 

23.07 

21.59 

25.37 

21.37 

36.3 

52 

351 

24.96 

20.02 

25.44 

21.55 

23.56 

21.79 

25.79 

21.40 

35.3 

53 

359 

25.36 

20.16 

25.88 

21.68 

24.00 

21.96 

26.14 

21.42 

34.5 

54 

368 

25.84 

20.30 

26.39 

21.83 

24.53 

22.15 

26.52 

21.44 

33.7 

55 

377 

26.33 

20.45 

26.92 

21.98 

25.07 

22.34 

26.86 

21.46 

32.9 

:  56 

386 

26.83 

20.59 

27.51 

22.12 

25.65 

22.52 

27.16 

21.48 

32.1 

57 

396 

27.55 

20.66 

28.22 

22.19 

26.44 

22.65 

27.37 

21.51 

31.3 

58 

406 

28.13 

20.54 

28,87 

22.05 

27.10 

22,53 

27,62 

21.84 

30.5 

i  59 

415 

28.59 

20.43 

29.37 

21.94 

27.63 

22.43 

27.93 

22.13 

29.9 

60 

426 

29.09 

20.30 

29.90 

21.80 

28.19 

22,31 

28.43 

22.48 

29.1 

61 

436 

29.48 

20.19 

30.33 

21.67 

28.63 

22.21 

28.97 

22.80 

28.4  :  j 

62 

447 

29.86 

20.07 

30.76 

21.54 

29.06 

22.10 

29.65 

23.15 

27.7 

63 

458 

30.18 

20.02 

31.11 

21.49 

29.42 

22.08 

30.54 

23.25 

27.1  j 

64 

469 

30,55 

20.05 

31.51 

21.51 

29.83 

22.13 

31.23 

23.13 

26.4  j 

376 


Tm 

(69) 

Yb 

(70) 

Lu 

(71) 

Hf 

(72) 

Thulium 

Ytterbium 

Lutetlum 

Hafnium 

N 

E(eV) 

fj 

fj 

f2 

f2 

fi 

f2 

65 

680 

30.96 

20.07 

31.93 

21.53 

30.28 

22.19 

31.83 

23.01 

66 

692 

31.37 

20.09 

32.62 

21.56 

30.79 

22.26 

32.39 

22.88 

67 

506 

31.86 

20.11 

32.93 

21.56 

31.33 

22.32 

32.87 

22.76 

68 

516 

32.37 

20.16 

33.69 

21.58 

31.96 

22.38 

33.27 

22.65 

69 

529 

33.00 

20.08 

36.17 

21.51 

32.69 

22.36 

33.58 

22.67 

70 

562 

33.58 

19.86 

36.77 

21.27 

33.39 

22.09 

36.09 

23.01 

71 

555 

36.06 

19.61 

35.29 

21.06 

33.98 

21.85 

36.93 

23.36 

72 

569 

36.55 

19.35 

35.86 

20.76 

36.53 

21.56 

35.89 

23.07 

73 

583 

36.95 

19.08 

36.33 

20.68 

35.01 

21.28 

36.60 

22.76 

76 

597 

35.33 

18.83 

36.75 

20.21 

35.66 

21.01 

37.19 

22.66 

75 

612 

35.70 

18.57 

37.17 

19.93 

35.91 

20.73 

37.76 

22.15 

76 

627 

36.06 

18.31 

37.58 

19.65 

36.36 

20.66 

38.30 

21.85 

77 

662 

36.61 

18.05 

37.98 

19.37 

36.76 

20.17 

38.83 

21.56 

78 

658 

36.71 

17.72 

38.33 

19.01 

37.16 

19.81 

39.28 

21.17 

79 

676 

36.96 

17.60 

38.62 

18.66 

37.69 

19.67 

39.68 

20.81 

80 

690 

37.17 

17.17 

38.87 

18.61 

37.73 

19.22 

60.06 

20.55 

81 

707 

37.65 

16.96 

39.17 

18.16 

38.08 

18.97 

60.66 

20.29 

82 

725 

37.70 

16.62 

39.68 

17.83 

38.61 

18.62 

60.89 

19.90 

83 

762 

37.91 

16.33 

39.73 

17.53 

38.69 

18.30 

61.23 

19.56 

86 

760 

38.08 

16.06 

39.97 

17.23 

38.95 

17.98 

61.55 

19.20 

85 

779 

38.27 

15.76 

60.20 

16.92 

39.20 

17.66 

61.86 

18.86 

86 

798 

38.60 

15.62 

60.61 

16.58 

39.61 

17.29 

62.13 

18.69 

87 

818 

38.52 

15.10 

60.58 

16.26 

39.60 

16.96 

62.38 

18.12 

88 

838 

38.59 

16.80 

60.73 

15.91 

39.75 

16.60 

62.60 

17.78 

89 

858 

38.65 

16.50 

60.86 

15.59 

39.89 

16.27 

62.81 

17.65 

90 

879 

38.67 

16.20 

60.95 

15.26 

39.98 

15.96 

63.00 

17.10 

91 

901 

38.66 

13.91 

61.03 

16.96 

60.06 

15.60 

63.16 

16.76 

92 

923 

38.66 

13.62 

61.09 

16.62 

60.12 

15.29 

63.31 

16.66 

93 

965 

38.58 

13.36 

61.11 

16.31 

60.15 

16.97 

63.65 

16.10 

96 

968 

38.50 

13.06 

61.10 

13.99 

60.16 

16.65 

63.55 

15.75 

95 

992 

38.37 

12.78 

61.06 

13.67 

60.16 

16.36 

63.63 

15.61 

96 

1016 

38.22 

12.51 

61.00 

13.36 

60.11 

16.03 

63.69 

15.08 

97 

1061 

38.02 

12.21 

60.90 

13.03 

60.03 

13.69 

63.72 

16.71 

98 

1067 

37.76 

11.90 

60.76 

12.70 

39.89 

13.36 

63.70 

16.36 

99 

1093 

37.60 

11.61 

60.56 

12.38 

39.70 

13.01 

63.66 

13.99 

100 

1119 

37.01 

11.33 

60.29 

12.08 

39.67 

12.70 

63.56 

13.66 

101 

1167 

36.53 

11.05 

39.97 

11.77 

39.18 

12.37 

63.60 

13.32 

102 

1175 

35.96 

10.78 

39.60 

11.68 

38.82 

12.07 

63.22 

12.99 

103 

1206 

35.26 

10.51 

39.16 

11.19 

38.60 

11.77 

62.99 

12.67 

106 

1233 

36.66 

10.26 

38.61 

10.91 

37.92 

11.68 

62.71 

12.36 

105 

1263 

33.66 

10.01 

37.97 

10.66 

37.35 

11.20 

62.37 

12.06 

106 

1296 

32.13 

9.77 

37.17 

10.37 

36.62 

10.92 

61.96 

11.77 

107 

1326 

30.52 

9.52 

36.23 

10.11 

35.78 

10.65 

61.68 

11.67 

108 

1358 

28.56 

9.29 

36.99 

9.86 

36.80 

10.39 

60.89 

11.20 

109 

1392 

25.31 

9.06 

33.36 

9.61 

33.67 

10.13 

60.17 

10.92 

110 

1626 

19.69 

8.86 

31.32 

9.37 

31.85 

9.88 

39.33 

10.65 

111 

1660 

10.60 

M 

8.63 

28.11 

9.16 

29.91 

9.66 

38.29 

10.60 

112 

1696 

0.56 

28.17 

20.86 

8.91 

26.97 

9.39 

36.96 

10.13 

113 

1533 

6.86 

60.91 

3.85 

M 

28.35 

21.16 

9.13 

35.08 

9.86 

116 

1570 

25.12 

39.52 

9.98 

27.19 

7.67 

8.88 

32.67 

9.56 

115 

1609 

31.86 

38.16 

22.53 

39.28 

2.03 

M 

27.88 

27.82 

9.29 

116 

1668 

37.70 

36.86 

31.92 

38.07 

19.10 

60.70 

15.56 

M 

9.03 

117 

1688 

61.09 

35.58 

37.78 

36.89 

30.30 

39.33 

12.65 

27.96 

118 

1730 

66.63 

36.33 

60.85 

35.72 

36.38 

37.97 

26.95 

60.50 

119 

1772 

66.88 

33.16 

62.85 

36.62 

36.79 

36.69 

30.67 

39.15 

120 

1815 

68.76 

32.03 

66.56 

33.55 

38.50 

35.65 

33.63 

37.85 

121 

1860 

50.32 

30.91 

65.56 

32.69 

38.96 

36.23 

36.73 

36.56 

122 

1905 

51.85 

35.05 

66.75 

31.69 

38.92 

33.08 

39.82 

35.36 

123 

1952 

52.76 

33.80 

66.69 

35.73 

35.90 

31.96 

63.06 

36.15 

126 

2000 

53.69 

32.60 

68.18 

36.66 

32.32 

30.85 

66.36 

32.99 

Eu(E) 

“Tr“ 

269 

.0 

263. 

.0 

o 

CM 

.6 

235, 

.6 

Atomic 

Weight 

168 

.9 

173. 

.0 

175. 

.0 

178, 

.5 

X(A) 

25.83 

25.20 
26.60 
26.03 
23.66 

22.87 

22.36 

21.79 
21.27 

20.77 

20.26 

19.77 

19.31 
18.86 
18.39 

17.97 

17.56 

17.10 
16.71 

16.31 

15.92 

15.56 
15.16 

16.79 
16.65 

16.10 
13.76 
13.63 
13.12 
12.81 

12.50 

12.20 
11.91 
11.62 

11.36 

11.08 

10.81 

10.55 

10.30 

10.06 

9.82 
9.58 

9.35 
9.13 
8.91 

8.69 

8.69 

8.29 

8.09 

7.90 

7.71 

7.52 

7.36 
7.17 
7.00 

6.83 
6.67 
6.51 
6.35 
6.20 


keV-cm^ 

gram 


amu 


r 


377 


I 


ATOMIC  SCATTERING  FACTOR,  fi+  Ifj 


Ta 

(73) 

W  (74) 

Re 

(75) 

Os 

(76) 

N 

E(eV) 

fi 

f2 

f2 

fi 

f2 

fz 

X(A) 

0 

100 

10.75 

9.75 

12.58 

9.06 

15.48 

7.16 

13.73 

7.59 

124.0 

1 

102 

10.77 

9.91 

12.44 

9.20 

15.20 

7.21 

13.60 

7.73 

121.5 

2 

104 

10.78 

10.06 

12.36 

9.34 

14.82 

7.26 

13.43 

7.88 

119.2 

3 

107 

10.79 

10.30 

12.29 

9.55 

14.31 

7.51 

13.23 

8.09 

115.9 

4 

110 

10.87 

10.53 

12.28 

9.75 

13.99 

7.82 

12.98 

8.31 

112.7 

5 

112 

10.88 

10.68 

12.30 

9.89 

13.86 

8.03 

12.85 

8.56 

110.7 

6 

115 

10.94 

10.91 

12.32 

10.10 

13.68 

8.35 

12.72 

8.95 

107.8 

7 

118 

11.02 

11.14 

12.39 

10.30 

13.56 

8.67 

12.67 

9.36 

105.1 

8 

121 

11.08 

11.36 

12.53 

10.50 

13.48 

9.00 

12.67 

9.77 

102.5 

9 

124 

11.14 

11.59 

12.82 

10.71 

13.44 

9.33 

12.70 

10.19 

100.0 

10 

127 

11.19 

11.82 

13.07 

10.89 

13.43 

9.64 

12.83 

10.61 

97.6 

11 

130 

11.22 

12.07 

13.14 

11.03 

13.44 

9.89 

13.07 

11.05 

95.4 

12 

133 

11.32 

12.32 

12.58 

11.18 

13.43 

10.15 

13.43 

11.22 

93.2 

13 

136 

11.42 

12.57 

11.99 

11.32 

13.45 

10.40 

13.56 

11.37 

91.2 

14 

140 

11.58 

12.90 

11.46 

11.51 

13.46 

10.75 

13.77 

11.56 

88.6 

15 

143 

11.66 

13.15 

11.24 

11.65 

13.46 

11.00 

13.91 

11.70 

86.7 

16 

147 

11.80 

13.48 

11.22 

11.84 

13.51 

11.35 

14.05 

11.89 

84.3 

17 

150 

11.92 

13.73 

11.27 

12.09 

13.54 

11.61 

14.14 

12.03 

82.7 

18 

154 

12.10 

14.06 

11.37 

12.54 

13.60 

11.96 

14.26 

12.21 

80.5 

19 

158 

12.30 

14.38 

11.45 

12.97 

13.70 

12.30 

14.36 

12.39 

78.5 

20 

162 

12.47 

14.67 

11.54 

13.41 

13.78 

12.57 

14.44 

12.57 

76.5 

21 

166 

12.62 

14.94 

11.63 

13.84 

13.81 

12.82 

14.50 

12.75 

74.7 

22 

170 

12.73 

15.21 

11.75 

14.29 

13.78 

13.07 

14.54 

12.93 

72.9 

23 

174 

12.83 

15.54 

11.86 

14.73 

13.69 

13.45 

14.49 

13.11 

71.3 

24 

178 

12.99 

15.92 

11.99 

15.16 

13.65 

13.93 

14.46 

13.45 

69.7 

25 

182 

13.21 

16.29 

12.13 

15.61 

13.63 

14.43 

14.48 

13.80 

68.1 

26 

187 

13.46 

16.76 

12.40 

16.18 

13.77 

15.08 

14.50 

14.23 

66.3 

27 

191 

13.74 

17.14 

12.70 

16.64 

13.97 

15.61 

14.55 

14.57 

64.9 

28 

196 

14.13 

17.53 

13.06 

17.11 

14.32 

16.14 

14.66 

15.00 

63.3 

29 

201 

14.51 

17.88 

13.43 

17.52 

14.60 

16.60 

14.74 

15.46 

61.7 

30 

206 

14.87 

18.23 

13.79 

17.93 

14.88 

17.06 

14.93 

15.97 

60.2 

31 

211 

15.22 

18.57 

14.16 

18.34 

15.21 

17.53 

15.16 

16.49 

58.8 

32 

216 

15.66 

18.86 

14.51 

18.69 

15.51 

17.95 

15.50 

16.90 

57.4 

33 

221 

16.02 

19.12 

14.87 

19.03 

15.79 

18.36 

15.78 

17.27 

56.1 

34 

227 

16.44 

19.43 

15.28 

19.43 

16.14 

18.85 

16.08 

17.71 

54.6 

35 

232 

16.80 

19.69 

15.62 

19.77 

.  16.45 

19.26 

16.31 

18.08 

53.4 

36 

238 

17.22 

19.99 

16.06 

20.16 

16.87 

19.75 

16.63 

18.52 

52.1 

37 

244 

17.64 

20.30 

16.48 

20.56 

17.29 

20.24 

16.98 

18.96 

50.8 

38 

250 

18.07 

20.60 

16.92 

20.95 

17.72 

20.73 

17.33 

19.40 

49.6 

39 

256 

18.53 

20.89 

17.38 

21.34 

18.16 

21.22 

17.68 

19.83 

48.4 

40 

262 

18.98 

21.19 

17.87 

21.73 

18.67 

21.71 

18.08 

20.27 

47.3 

41 

269 

19.57 

21.53 

18.52 

22.19 

19.37 

22.29 

18.60 

20.78 

46.1 

42 

275 

20.12 

21.82 

19.13 

22.57 

20.04 

22.78 

19.09 

21.22 

45.1 

43 

282 

20.81 

21.95 

19.94 

22.75 

20.92 

23.02 

19.71 

21.54 

44.0 

44 

289 

21.41 

22.00 

20.60 

22.83 

21.65 

23.13 

20.28 

21.79 

42.9 

45 

296 

21.95 

22.05 

21.18 

22.90 

22.29 

23.23 

20.78 

22.03 

41.9 

46 

303 

22.43 

22.10 

21.72 

22.98 

22.89 

23.34 

21.24 

22.26 

40.9 

47 

311 

22.96 

22.15 

22.28 

23.06 

23.48 

23.45 

21.77 

22.53 

39.9 

48 

318 

23.38 

22.20 

22.75 

23.13 

24.00 

23.55 

22.21 

22.76 

39.0 

49 

326 

23.84 

22.25 

23.26 

23.21 

24.56 

23.67 

22.72 

23.02 

38.0 

50 

334 

24.28 

22.31 

23.75 

23.29 

25.09 

23.78 

23.22 

23.28 

37.1 

51 

342 

24.70 

22.36 

24.20 

23.36 

25.62 

23.89 

23.71 

23.54 

36.3 

52 

351 

25.16 

22.41 

24.70 

23.44 

26.19 

24.01 

24.26 

23.82 

35.3 

53 

359 

25.54 

22.46 

25.12 

23.52 

26.68 

24.11 

24.76 

24.07 

34.5 

54 

368 

25.94 

22.51 

25.57 

23.60 

27.22 

24.22 

25.35 

24.34 

33.7 

55 

377 

26.32 

22.56 

25.98 

23.67 

27.77 

24.34 

25.95 

24.61 

32.9 

56 

386 

26.67 

22.62 

26.37 

23.75 

28.31 

24.45 

26.57 

24.88 

32.1 

57 

396 

26.94 

22.69 

26.70 

23.85 

28.98 

24.54 

27.41 

25.11 

31.3 

58 

406 

27.25 

23.02 

27.08 

24.19 

29.56 

24.50 

28.13 

25.07 

30.5 

59 

415 

27.60 

23.32 

27.48 

24.50 

30.04 

24.46 

28.70 

25.03 

29.9 

60 

426 

28.15 

23.68 

28.05 

24.87 

30.56 

24.41 

29.28 

24.98 

29.1 

61 

436 

28.73 

24.01 

28.66 

25.20 

30.95 

24.37 

29.73 

24.94 

28.4 

62 

447 

29.49 

24.36 

29.46 

25.56 

31.28 

24.32 

30.12 

24.90 

27.7 

63 

458 

30.40 

24.47 

30.37 

25.69 

31.53 

24.46 

30.39 

25.05 

27.1 

64 

469 

31.12 

24.36 

31.18 

25.60 

31.89 

24.76 

30.80 

25.36 

26.4 

378 


N 

E(eV) 

Ta  (73) 
Tantalum 
fx  fj 

W  (74) 
Tungsten 

65 

480 

31.77 

24.25 

31.87 

25.52 

66 

492 

32.40 

24.14 

32.57 

25.44 

67 

504 

32.97 

24.03 

33.23 

25.35 

68 

516 

33.51 

23.92 

33.86 

25.27 

69 

529 

34.05 

23.77 

34.56 

25.14 

70 

542 

34.51 

23.56 

35.20 

24.91 

71 

555 

34.63 

23.35 

35.75 

24.70 

72 

569 

35.19 

24.20 

36,20 

24.44 

73 

583 

36.31 

24.21 

36.61 

24.39 

lU 

597 

37.12 

23.89 

37.07 

24.40 

75 

612 

37.84 

23.56 

37.68 

24.42 

76 

627 

38.47 

23.24 

38.39 

24.44 

77 

642 

39.05 

22.91 

39.17 

24.33 

78 

658 

39.56 

22.52 

39.92 

23.92 

79 

674 

40.02 

22.15 

40.50 

23.52 

80 

690 

40.43 

21.88 

40.99 

23.23 

81 

707 

40.92 

21.61 

41.54 

22.94 

82 

725 

41.38 

21.22 

42.06 

22.54 

83 

742 

41.77 

20.87 

42.52 

22.18 

84 

760 

42.14 

20.50 

42.96 

21.81 

85 

779 

42.50 

20.14 

43.41 

21.43 

86 

798 

42.83 

19.76 

43.79 

21.01 

87 

818 

43.14 

19.38 

44.15 

20.60 

88 

838 

43.41 

19.02 

44.47 

20.20 

89 

858 

43.66 

18,66 

44.76 

19.81 

90 

879 

43.89 

18.30 

45.03 

19.41 

91 

901 

44.11 

17.93 

45.29 

19.01 

92 

923 

44.31 

17.57 

45.52 

18.62 

93 

945 

44.48 

17.21 

45.71 

18.24 

94 

968 

44,63 

16.83 

45.89 

17.86 

95 

992 

44.75 

16.45 

46.05 

17.47 

96 

1016 

44.84 

16.09 

46,19 

17.10 

97 

1041 

44.91 

15,71 

46.30 

16.71 

98 

1067 

44.92 

15.32 

46,38 

16.30 

99 

1093 

44.90 

14.95 

46.41 

15.92 

100 

1119 

44.86 

14.60 

46.42 

J5.56 

101 

1147 

44,78 

14.24 

46.39 

15.18 

102 

1175 

44.66 

13.90 

46.34 

14.82 

103 

1204 

44.49 

13.56 

46.25 

14.47 

104 

1233 

44.31 

13.24 

46 . 14 

14.13 

105 

1263 

44.08 

12.92 

46.00 

13.79 

106 

1294 

43.75 

12.58 

45.79 

13.43 

107 

1326 

43.38 

12.24 

45.52 

13.08 

108 

1358 

42.92 

11.93 

45.20 

12.74 

’09 

1392 

42.34 

11.60 

44.80 

12.40 

110 

1426 

41.67 

11.30 

44.30 

12.08 

111 

1460 

40.91 

11.01 

43.74 

11.77 

112 

1496 

39.91 

10.72 

43.07 

11.46 

113 

1533 

38.56 

10.43 

42.18 

11.15 

114 

1570 

36.96 

10.15 

41.12 

10.85 

115 

1609 

34.72 

9.87 

39.78 

10.56 

116 

1648 

31.06 

9.61 

38.04 

10.28 

117 

1688 

21.81 

9.35 

35.44 

10.00 

118 

1730 

3.52  M 

9.09 

31.84 

9.73 

119 

1772 

19.99 

27.67 

24.75 

9.46 

120 

1815 

33.26 

39.83 

6.94  M 

27.91 

121 

1860 

38.71 

38.49 

15.08 

27.29 

122 

1905 

43.16 

37.22 

23.22 

39.24 

123 

1952 

45.33 

35,97 

31.72 

37.94 

124 

2000 

47.54 

34.76 

40.40 

36.69 

E)i(E) 

■Tr~ 

232 

.4 

228 

.8 

Atomic 

Weight 

180 

.9 

183 

.9 

Re 

(75) 

Os 

(76) 

Rhenium 

Osmium 

fl 

fl 

f; 

fa 

X(A) 

32.34 

25.05 

31.28 

25.67 

25.83 

32.90 

25,37 

31.88 

26.00 

25.20 

33.54 

25.69 

32.56 

26.33 

24.60 

34.33 

26.00 

33.36 

26.65 

24.03 

35.31 

26.16 

34.36 

26.84 

23,44 

36.22 

25.94 

35.31 

26.69 

22.87 

36.91 

25.73 

36.11 

26.55 

22.34 

37.46 

25  45 

36.83 

26.36 

21.79 

37.91 

25.45 

37.56 

26.15 

21.27 

38.47 

25.55 

38.16 

25.92 

20.77 

39.18 

25.66 

38.73 

25.69 

20.26 

40.01 

25.76 

39.21 

25.47 

19.77 

41.01 

25.69 

39.55 

25.38 

19.31 

41.87 

25.20 

40.15 

25.59 

18.84 

42.55 

24.73 

40.93 

25.79 

18.39 

43.12 

24.39 

41.89 

25.54 

17.97 

43.72 

24.06 

42.67 

25.18 

17.54 

44,30 

23.64 

43.36 

24.78 

17.10 

44.80 

23.27 

43.96 

24.41 

16.71 

45.30 

22.89 

44.52 

24.04 

16.31 

45.79 

22.49 

45.09 

23.65 

15.92 

46.23 

22.07 

45.60 

23.24 

15.54 

46,65 

21.65 

46.08 

22.82 

15.16 

47.03 

21,25 

46.52 

22.42 

14.79 

47,39 

20.86 

46.94 

22.03 

14.45 

47.73 

20.45 

47.35 

21.62 

14.10 

48.05 

20.05 

47.72 

21.20 

13.76 

48,34 

19.66 

48.07 

20.80 

13.43 

48,62 

19.28 

48.41 

20.38 

13.12 

48.88 

18.88 

48.71 

19.95 

12.81 

49.13 

18.49 

48.98 

19.52 

12.50 

49.36 

18.10 

49.24 

19.11 

12.20 

49.57 

17.68 

49,48 

18.67 

11.91 

49.75 

17.26 

49.67 

18.22 

11.62 

49.88 

16.86 

49.82 

17.79 

11.34 

50.00 

16.47 

49.95 

17.38 

11.08 

50.10 

16.07 

50.05 

16.96 

10.81 

50.16 

15.70 

50.12 

16.56 

10.55 

50.20 

15.32 

50.16 

16.17 

10.30 

50.23 

14.97 

50.20 

15.79 

10.06 

50.24 

14. bl 

50.21 

15.42 

9.82 

50.21 

14.23 

50.16 

15.03 

9.58 

50.15 

13.86 

50.10 

14.66 

9.35 

50.05 

13.50 

49.99 

14.30 

9.13 

49.91 

13.15 

49.84 

13.93 

8.91 

49.73 

12.81 

49.67 

13.59 

8.69 

49.52 

12.48 

49.46 

13.26 

8.49 

49.26 

12.16 

49.19 

12.93 

8.29 

48.94 

11.84 

48.84 

12.59 

8.09 

48.57 

11.53 

48.46 

12.28 

7.90 

48.13 

11.23 

47.97 

11.96 

7.71 

47.61 

10.94 

47.39 

11.66 

7.52 

47.01 

10.65 

46.72 

11.36 

7,34 

46.31 

10.37 

45.88 

11.07 

7.17 

45.48 

10.09 

44.81 

10.78 

7.00 

44.62 

9.82 

43.46 

10.49 

6.83 

43.33 

9.55 

41.75 

10.21 

6.67 

42.35  M 

27.66 

39.29 

9.93 

6.51 

37.63 

39.47 

36.41  M 

9.67 

6.35 

32.82 

38.21 

30.41 

27.26 

6.20 

225. 

.9 

221, 

,1 

keV-cm^ 

gram 

186. 

2 

190, 

,2 

amu 

379 


ATOMIC  SCATTERING  FACTOR,  fi+  ifj 


Ir 

(77) 

Pt 

(78) 

Au 

(79) 

(80) 

N 

E(eV) 

fi 

tz 

fi 

f2 

fi 

iz 

i 

'  1 

fi 

X(A) 

0 

100 

12.52 

7, 

.72 

16.39 

8 

.32 

22, 

.40 

11, 

.15 

20. 

.37 

23, 

.79 

124, 

.0 

1 

102 

12.48 

7, 

.90 

16.22 

8. 

.17 

22, 

.45 

10. 

.37 

21. 

.60 

22, 

.96 

121. 

,5 

2 

104 

12.45 

8. 

.08 

16.07 

8. 

.03 

22, 

,25 

9. 

,67 

22. 

,70 

22, 

,21 

119. 

,2 

3 

107 

12.45 

8. 

.34 

15.93 

7, 

.82 

21, 

.92 

8. 

.94 

24. 

01 

20, 

,28 

115. 

,9 

U 

110 

12.54 

8 

.61 

15.80 

7 

.63 

21, 

.68 

8. 

.40 

24. 

.44 

18, 

.29 

112. 

.7 

5 

112 

12.63 

8. 

.74 

15.70 

7, 

.50 

21, 

,52 

7. 

.92 

24. 

,41 

17, 

,29 

no. 

,7 

6 

115 

12.67 

8. 

.94 

15.53 

7, 

.33 

21, 

.20 

7. 

,27 

24. 

.46 

16, 

.11 

107. 

8 

7 

118 

12.81 

9, 

.14 

15.31 

7, 

.16 

20, 

.75 

6. 

.67 

24. 

.48 

14, 

.81 

105, 

,1 

8 

121 

13.01 

9, 

.23 

15.01 

7, 

.00 

20, 

,19 

6, 

.21 

24. 

,27 

13. 

,41 

102, 

5 

9 

124 

13.09 

9, 

.14 

14.62 

6. 

.84 

19, 

.67 

5. 

,94 

23. 

,77 

12. 

,45 

100. 

,0 

10 

127 

13.02 

9, 

.04 

14.14 

6 

.83 

19, 

,17 

5, 

.71 

23, 

,40 

11. 

.72 

97. 

.6 

11 

130 

12.79 

8. 

.95 

13.78 

7, 

.07 

18, 

.68 

5. 

.51 

23. 

,07 

10. 

.84 

95. 

,4 

12 

133 

12.51 

9. 

.29 

13.46 

7, 

.30 

18. 

.20 

5. 

.38 

22. 

62 

10, 

.00 

93. 

,2 

13 

136 

12.39 

9 

.62 

13.24 

7 

.54 

17, 

.69 

5, 

.29 

21. 

.99 

9 

.22 

91. 

,2 

14 

140 

12.30 

10, 

.08 

12.93 

7, 

.85 

17, 

.02 

5, 

.26 

21, 

.06 

8. 

.46 

88. 

6 

15 

143 

12.33 

10. 

.39 

12.76 

8. 

.09 

16. 

.53 

5, 

,36 

20. 

,35 

8. 

.09 

86. 

,7 

16 

147 

12.48 

10, 

.80 

12.56 

8 

.42 

15, 

.97 

5, 

.50 

19, 

,51 

7, 

.71 

84. 

,3 

17 

150 

12.58 

11 , 

.11 

12.41 

8 

.67 

15, 

.55 

5, 

.60 

18, 

.88 

7. 

.48 

82. 

,7 

18 

154 

12.77 

11, 

.28 

12.21 

9 

.00 

14, 

.99 

5, 

.88 

18, 

,02 

7, 

.25 

80. 

,5 

19 

158 

12.80 

11, 

.44 

11.97 

9, 

.33 

14, 

.50 

6, 

,17 

17. 

,15 

7, 

.18 

78. 

,5 

20 

162 

12.79 

11, 

.66 

11.72 

9 

.79 

14, 

.03 

6. 

.52 

16. 

.33 

7, 

.25 

76, 

.5 

21 

166 

12.77 

11, 

.95 

11.59 

10. 

.27 

13, 

,61 

6, 

.92 

15. 

.58 

7, 

.41 

74, 

,7 

22 

170 

12.77 

12, 

.24 

11.49 

10, 

.76 

13. 

.23 

7, 

.33 

14, 

.86 

7. 

.57 

72. 

.9 

23 

174 

12.79 

12 

.60 

11.41 

11. 

.27 

12, 

.88 

7, 

.81 

14, 

.17 

7 

.90 

71. 

,3 

24 

178 

12.84 

12, 

.97 

11.36 

11, 

.78 

12, 

.60 

8 

.30 

13. 

,55 

8 

.25 

69, 

,7 

25 

182 

12.87 

13. 

.37 

11.37 

12, 

.31 

12, 

.34 

8, 

.80 

12, 

.94 

8 

.65 

68, 

.1 

26 

187 

13.10 

13, 

.93 

11.41 

12 

.98 

12, 

.07 

9, 

.45 

12. 

,28 

9 

.27 

66. 

.3 

27 

191 

13.37 

14. 

.31 

11.49 

13, 

.54 

11, 

.91 

9, 

.99 

11. 

,82 

9 

.78 

64. 

9 

28 

196 

13.61 

14. 

.48 

11.72 

14, 

.24 

11, 

.77 

10, 

.70 

11. 

33 

10, 

.51 

63. 

3 

29 

201 

13.66 

14. 

.68 

12.00 

14 

.87 

11 , 

.70 

11, 

.42 

10. 

,90 

11, 

,28 

61. 

,7 

30 

206 

13.73 

15. 

.05 

12.28 

15, 

.28 

11, 

.68 

12, 

.08 

10. 

,57 

12, 

.07 

60. 

,2 

31 

211 

13.83 

15. 

.41 

12.58 

15. 

.70 

11, 

.67 

12, 

.75 

10. 

30 

12, 

.89 

58. 

8 

32 

216 

13.96 

15. 

.78 

12.83 

16, 

.11 

11, 

.74 

13. 

.45 

10. 

,12 

13, 

,75 

57. 

,4 

33 

221 

14.08 

16. 

.14 

13.07 

16, 

,52 

11, 

.96 

14, 

,12 

10. 

00 

14, 

.65 

56. 

.1 

34 

227 

14.24 

16. 

.58 

13.29 

17, 

,02 

12, 

.17 

14. 

,70 

9. 

98 

15. 

,67 

54. 

6 

35 

232 

14.41 

16. 

.95 

13.53 

17, 

.43 

12, 

.33 

15, 

,20 

10. 

.08 

16, 

.49 

53. 

,4 

36 

238 

14.55 

17. 

.38 

13.84 

17, 

,93 

12, 

.50 

15. 

.79 

10. 

30 

17, 

.52 

52. 

,1 

37 

244 

14.70 

17. 

.82 

14.16 

18, 

.43 

12. 

.69 

16, 

,39 

10. 

63 

18, 

.56 

50. 

.8 

38 

250 

14.88 

18. 

.26 

14.53 

18. 

.94 

12, 

.93 

16. 

,98 

11, 

,08 

19, 

.27 

49. 

.6 

39 

256 

14.99 

18. 

.70 

14.90 

19, 

.33 

13, 

.16 

17, 

.58 

11. 

,52 

19 

.99 

48. 

,4 

40 

262 

15.10 

19. 

.20 

15.26 

19. 

.*70 

13. 

,39 

18. 

.18 

11. 

95 

20, 

.72 

47. 

,3 

41 

269 

15.24 

19. 

.95 

15.62 

20, 

,13 

13. 

,71 

18, 

.90 

12. 

,48 

21, 

.45 

46, 

,1 

42 

275 

15.52 

20. 

.59 

15.95 

20, 

.50 

14. 

.07 

19, 

.52 

12. 

,96 

22, 

.02 

45. 

,1 

43 

282 

15.69 

21. 

.22 

16.33 

20. 

.93 

14, 

.54 

20, 

.10 

13. 

51 

22, 

,69 

44. 

,0 

44 

289 

15.37 

21. 

.81 

16.70 

21, 

.37 

14. 

,97 

20, 

.62 

14. 

,15 

23. 

.27 

42, 

9 

45 

296 

16.78 

24. 

.28 

17.06 

21, 

,81 

15, 

.36 

21, 

,14 

14. 

,70 

23, 

.77 

41, 

.9 

46 

303 

18.11 

24. 

.44 

17.44 

22. 

.24 

15. 

.73 

21. 

66 

15. 

26 

24, 

.27 

40. 

,9 

47 

311 

19.17 

24. 

.63 

17.86 

22. 

,74 

16. 

,17 

22, 

,26 

15. 

92 

24, 

.77 

39. 

,9 

48 

318 

19.95 

24. 

.78 

18.28 

23, 

.17 

16. 

,55 

22. 

.78 

16. 

,44 

25, 

.16 

39, 

,0 

49 

326 

20.73 

24. 

.96 

18.76 

'23, 

,66 

17, 

,02 

23, 

,38 

17. 

,02 

25, 

.62 

38, 

0 

50 

334 

21.42 

25. 

.13 

19.24 

24, 

.15 

17, 

,51 

23. 

.98 

17. 

60 

26. 

,03 

37. 

,1 

51 

342 

22.08 

25. 

.30 

19.74 

24, 

.64 

18, 

,01 

24. 

.58 

18. 

17 

26, 

,44 

36. 

3 

52 

351 

22.79 

25. 

.49 

20,34 

25. 

.19 

18, 

,60 

25. 

.25 

18. 

75 

26, 

.90 

35. 

3 

53 

359 

23.38 

25. 

.66 

20.89 

25, 

,67 

19, 

,17 

25, 

,85 

19. 

26 

27. 

,30 

34. 

5 

54 

368 

24.04 

25. 

.84 

21.54 

26. 

.22 

19, 

,86 

26, 

,53 

19. 

81 

27. 

.75 

33. 

7 

55 

377 

24.70 

26. 

,02 

22.27 

26. 

.76 

20, 

,64 

27, 

.21 

20. 

24 

28. 

,24 

32. 

9 

56 

386 

25.35 

26. 

,19 

23.12 

27. 

,30 

21, 

,61 

27, 

.88 

21. 

02 

29. 

,15 

32. 

1 

57 

396 

26.13 

26. 

,37 

24.24 

27, 

.76 

22. 

,83 

28, 

.47 

22. 

16 

29, 

,89 

31. 

3 

58 

406 

26.84 

26. 

,36 

25.26 

27, 

.79 

23, 

,97 

28. 

,57 

23. 

29 

30. 

,07 

30. 

5 

59 

415 

27.42 

26. 

.35 

26.01 

27, 

.82 

24, 

.78 

28, 

.65 

24. 

08 

30. 

,23 

29. 

9 

60 

426 

28.03 

26. 

.34 

26.85 

27, 

.85 

25, 

,71 

28. 

,75 

24. 

99 

30, 

,42 

29. 

1 

61 

436 

28.53 

26. 

,33 

27.57 

27, 

.88 

26. 

.51 

28, 

.84 

25. 

80 

30. 

,59 

28. 

4 

62 

447 

29.02 

26. 

,33 

28.30 

27, 

.92 

27. 

,37 

28. 

,94 

26. 

68 

30. 

.78 

27. 

7 

63 

458 

29.37 

26. 

.47 

29.04 

27, 

,90 

28, 

,19 

28, 

,98 

27. 

55 

30, 

.89 

27. 

1 

64 

469 

29.83 

26. 

,74 

29.68 

27, 

,85 

28, 

,97 

28. 

,96 

28. 

38 

30, 

.93 

26. 

4 

380 


Ir  (77)  Pt  (78)  Au  (79)  Hg  (80) 

Iridium  Platinum  Gold  Mercury 


JN 

E(eV) 

ft 

f2 

ft 

f2 

fi 

f2 

fi 

fz 

X(A) 

65 

480 

30.35 

27.00 

30.25 

27.80 

29.69 

28.95 

29.16 

30.97 

25.83 

66 

492 

30.97 

27.29 

30.81 

27.75 

30.42 

28.94 

29.95 

31.02 

25.20 

67 

504 

31.65 

27.57 

31.30 

27.69 

31.10 

28.92 

30.72 

31.07 

24.60 

68 

516 

32.40 

27.85 

31.65 

27.64 

31.81 

28.91 

31.51 

31.11 

24.03 

69 

529 

33.35 

28.04 

31.75 

27.86 

32.56 

28.84 

32.40 

31.08 

23.44 

70 

542 

34.22 

28.00 

32.28 

28.68 

33.18 

28.66 

33.14 

30.88 

22.87 

71 

555 

35.05 

27.96 

33.19 

29.51 

33,  >1 

28.49 

33.78 

30.69 

22.34 

72 

569 

35.90 

27.89 

34.54 

29.61 

34.01 

28.27 

34.24 

30.47 

21.79 

73 

583 

36.71 

27.72 

35.60 

29.50 

34.19 

28.57 

34.59 

30.63 

21.27 

74 

597 

37.43 

27.53 

36.55 

29.33 

34.66 

29.05 

35.14 

30.93 

20.77 

75 

612 

38.15 

27.33 

37.44 

29.16 

35.38 

29.56 

35.87 

31.25 

20.26 

76 

627 

38.83 

27.13 

38.31 

29.00 

36.30 

30.06 

36.71 

31.56 

19.77 

77 

642 

39.50 

26.88 

39.15 

28.77 

37.65 

30.29 

37.77 

31.74 

19.31 

78 

658 

39.98 

26.50 

39.96 

28.  J7 

38.79 

29.89 

38.80 

31.64 

18.84 

79 

674 

40.26 

26.14 

40.55 

27.98 

39.67 

29.50 

39.75 

31.54 

18.39 

80 

690 

40.64 

26.54 

41.06 

27.70 

40.32 

29.23 

40.70 

31.39 

17.97 

81 

707 

41.51 

27.01 

41.56 

27.47 

40.93 

29.01 

41.72 

31.18 

17.54 

82 

725 

42.66 

26.56 

42.10 

27.43 

41.60 

28.98 

42.67 

30.69 

17.10 

83 

742 

43.41 

26.16 

42.73 

27.40 

42.31 

28.96 

43.41 

30.24 

16.71 

84 

760 

44.10 

25.75 

43.48 

27.36 

43.18 

28.93 

43.98 

29.78 

16.31 

85 

779 

44.76 

25.33 

44.41 

27.25 

44.20 

28.83 

44.48 

29.38 

15.92 

86 

798 

45.35 

24.90 

45.25 

26.76 

45.18 

28.31 

44.97 

29.33 

15.54 

87 

818 

45.89 

24.46 

46.00 

26.26 

45.98 

27.79 

45.64 

29.27 

15.16 

88 

838 

46.40 

24.04 

46.63 

25.79 

46.67 

27.29 

46.51 

29.22 

14.79 

89 

858 

46.88 

23.63 

47.19 

25.32 

47.29 

26.80 

47.45 

29.01 

14.45 

90 

879 

47.33 

23.19 

47.71 

24.84 

47.90 

26.32 

48.38 

28.43 

14.10 

91 

901 

47.76 

22.76 

48.22 

24.36 

48.45 

25.83 

49.10 

27.85 

13.76 

92 

923 

48.18 

22.34 

48.69 

23.90 

48.97 

25.36 

49.74 

27.29 

13.43 

93 

945 

48.56 

21.90 

49.12 

23.43 

49.46 

24.88 

50.31 

26.75 

13.12 

94 

968 

48.91 

21.45 

49.53 

22.94 

49.92 

24.40 

50.85 

26.21 

12.81 

95 

992 

49.24 

20.99 

49.91 

22.46 

50.36 

23.91 

51.38 

25.68 

12.50 

96 

1016 

49.55 

20.54 

50.27 

21.99 

50.79 

23.43 

51.88 

25.15 

12.20 

97 

1041 

49.85 

20.07 

50.60 

21.48 

51.22 

22.90 

52.38 

24.54 

11.91 

98 

1067 

50.06 

19.58 

50.89 

20.96 

51.55 

22.36 

52.74 

23.93 

11.62 

99 

1093 

50.26 

19.12 

51.12 

20.47 

51.85 

21.84 

53.07 

23.36 

11.34 

100 

1119 

50.42 

18.68 

51.32 

20.01 

52.11 

21.34 

53.36 

22.81 

11.08 

101 

1147 

50.56 

18.23 

51.50 

19.53 

52.36 

20.83 

53.63 

22.25 

10.81 

102 

1175 

50.67 

17.80 

51.67 

19.07 

52.56 

20.34 

53.92 

21.72 

10.55 

103 

1204 

50.75 

17.38 

51.80 

18.62 

52.73 

19.86 

54.08 

21.19 

10.30 

104 

1233 

50.81 

16.97 

51.90 

18.19 

52.89 

19.41 

54.27 

20.69 

10.06 

105 

1263 

50.84 

16.57 

52.00 

17.76 

53.02 

18.95 

54.43 

20.19 

9.82 

106 

1294 

50.85 

16.15 

52.06 

17.31 

53.12 

18.49 

54.55 

19.70 

9.58 

107 

1326 

50.82 

15.74 

52.07 

16.88 

53.20 

18.03 

54.66 

19.22 

9.35 

108 

1358 

50.75 

15.36 

52.06 

16.47 

53.25 

17.60 

54.73 

18.77 

9.13 

109 

1392 

50.65 

14.97 

52.02 

16.05 

53.25 

17.16 

54.78 

18.30 

8.91 

110 

1426 

50.50 

14.59 

51.93 

15.65 

53.23 

16.74 

54.81 

17.86 

8.69 

111 

1460 

50.32 

14.24 

51.82 

15.27 

53.19 

16.34 

54.82 

17.44 

8.49 

112 

1496 

50.10 

13.88 

51.68 

14.89 

53.12 

15.94 

54.81 

17.01 

8.29 

113 

1533 

49.82 

13.52 

51.48 

14.50 

53.00 

15.53 

54.76 

16.57 

8.09 

114 

1570 

49.48 

13.18 

51.24 

14.13 

52.84 

15.13 

54.67 

16.14 

7.90 

115 

1609 

49.06 

12.83 

50.95 

13.76 

52.64 

14.74 

54.55 

15.72 

7.71 

116 

1648 

48.58 

12.50 

50.59 

13.41 

52.38 

14.37 

54.36 

15.32 

7.52 

117 

1688 

47.97 

12.19 

50.15 

13.07 

52.07 

14.00 

54.14 

14.92 

7.34 

118 

1730 

47.27 

11.87 

49.63 

12.72 

51.70 

13.64 

53.88 

14.53 

7.17 

119 

1772 

46.41 

11.55 

49.01 

12.38 

51.26 

13.27 

53.56 

14.14 

7.00 

120 

1815 

45.24 

11.24 

48.21 

12.04 

50.69 

12.91 

53.14 

13.75 

6.83 

121 

1860 

43.72 

10.93 

47.22 

11.71 

50.00 

12.56 

52.65 

13.37 

6.67 

122 

1905 

41.12 

10.63 

45.97 

11.39 

49.18 

12.22 

52.07 

13.00 

6.51 

123 

1952 

32.63 

10.34 

43.71 

11.08 

47.86 

11.88 

51.19 

12.64 

6.35 

124 

2000 

23.97 

10.05 

41.39 

10.77 

46.52 

11.56 

50.30 

12.29 

6.20 

Eu(E) 

71ft 

Q 

01  q  A 

7flQ 

7 

keV-cm* 

•  o 

A  ^ 

£  U  1 

>  J 

1  / 

gram 

Atomic 

Weight 

192 

.2 

195 

.1 

197, 

.0 

200, 

.6 

amu 

381 


I 


ATOMIC  SCATTERING  FACTOR,  fi+  if 2 


T1 

(81) 

Pb 

(82) 

B1 

(83) 

Po 

00 

N 

E(eV) 

fi 

fz 

f2 

fi 

fz 

fi 

fz 

A  (A) 

0 

100 

20.83 

21.56 

23.57 

11.09 

25.33 

18.55 

24.73 

24.84 

124.0 

1 

102 

21.16 

21.53 

23.51 

10.64 

25.54 

17.94 

25.18 

23.96 

121.5 

2 

104 

22.23 

21.83 

23.46 

10.25 

25.73 

17.35 

25.56 

23.12 

119.2 

3 

107 

23.87 

20.68 

23.38 

9.70 

26.03 

16.50 

26.06 

21.93 

115.9 

A 

110 

24.96 

19.03 

23.32 

9.20 

26.32 

15.70 

26.48 

20.81 

112.7 

5 

112 

25.27 

17.78 

23.26 

8.88 

26.49 

14.99 

26.67 

20.15 

110.7 

6 

115 

25.46 

16.33 

23.19 

8.40 

26.58 

14.01 

26.94 

19.24 

107.8 

7 

118 

25.46 

15.28 

23.09 

7.87 

26.51 

13.18 

27.23 

18.35 

105.1 

8 

121 

25.57 

14.25 

22.92 

7.36 

26.40 

12.44 

27.56 

17.52 

102.5 

9 

124 

25.41 

12.99 

22.71 

6.89 

26.27 

11.80 

27.75 

16.47 

100.0 

10 

127 

25.08 

11.95 

22.43 

6.41 

26.15 

11.21 

27.83 

15.47 

97.6 

11 

130 

24.68 

11.30 

22.09 

5.96 

26.03 

10.67 

27.75 

14.61 

95.4 

12 

133 

24.43 

10.63 

21.69 

5.65 

25.92 

10.12 

27.62 

13.84 

93.2 

13 

136 

24.09 

9.86 

21.26 

5.36 

25.79 

9.56 

27.49 

13.17 

91.2 

14 

140 

23.48 

8.92 

20.68 

5.08 

25.54 

8.78 

27.31 

12.36 

88.6 

15 

143 

22.93 

8.28 

20.24 

5.02 

25.29 

8.24 

27.18 

11.80 

86.7 

16 

147 

22.10 

7.79 

19.77 

4.94 

24.90 

7.53 

27.02 

11.04 

84.3 

17 

150 

21.53 

7.50 

19.43 

4.90 

24.49 

7.01 

26.90 

10.45 

82.7 

18 

154 

20.79 

7.19 

19.00 

4.86 

23.87 

6.55 

26.60 

9.65 

80.5 

19 

158 

20.07 

6.96 

18.56 

4.82 

23.26 

6.13 

26.24 

8.93 

78.5 

20 

162 

19.31 

6.81 

18.13 

4.84 

22.58 

5.88 

25.78 

8.19 

76.5 

21 

166 

18.57 

6.76 

17.67 

4.86 

21.99 

5.78 

25.20 

7.55 

74.7 

22 

170 

17.85 

6.88 

17.21 

4.94 

21.45 

5.68 

24.57 

7.09 

72.9 

23 

174 

17.22 

7.02 

16.77 

5.05 

20.96 

5.63 

23.90 

6.66 

71.3 

24 

178 

16.60 

7.17 

16.32 

5.19 

20.47 

5.58 

23.19 

6.46 

69.7 

25 

182 

15.98 

7.47 

15.88 

5.38 

19.97 

5.56 

22.60 

6.35 

68.1 

26 

187 

15.32 

7.87 

15.36 

5.64 

19.36 

5.57 

21.93 

6.24 

66.3 

27 

191 

14.79 

8.23 

14.95 

5.87 

18.85 

5.61 

21.41 

6.18 

64.9 

28 

196 

14.23 

8.78 

14.42 

6.18 

18.23 

5.74 

20.78 

6.11 

63.3 

29 

201 

13.72 

9.35 

13.90 

6.56 

17.61 

5.90 

20.15 

6.11 

61.7 

30 

206 

13.28 

10.00 

13.38 

6.95 

17.01 

6.15 

19.51 

6.12 

60.2 

31 

211 

12.91 

10.68 

12.84 

7.38 

16.43 

6.42 

18.85 

6.22 

58.8 

32 

216 

12.61 

11.38 

12.21 

7.87 

15.87 

6.73 

18.21 

6.35 

57.4 

33 

221 

12.34 

12.10 

11.57 

8.54 

15.30 

7.06 

17.59 

6.56 

56.1 

34 

227 

12.12 

13.01 

10.80 

9.58 

14.62 

7.55 

16.86 

6.86 

54.6 

35 

232 

12.03 

13.80 

10.41 

10.77 

14.03 

7.97 

16.27 

7.16 

53.4 

36 

238 

12.03 

14.72 

10.22 

12.16 

13.29 

8.52 

15.57 

7.54 

52.1 

37 

244 

12.10 

15.60 

10.43 

13.55 

12.40 

9.27 

14.85 

8.00 

50.8 

38 

250 

12.25 

16.50 

10.77 

14.43 

11.54 

10.17 

14.09 

8.50 

49.6 

39 

256 

12.52 

17.43 

n.ii 

15.31 

10.94 

11.64 

13.34 

9.05 

48.4 

40 

262 

12.91 

18.17 

11.41 

16.15 

10.65 

13.18 

12.55 

9.66 

47.3 

41 

269 

13.30 

18.92 

11,80 

17.02 

10.95 

14.88 

11.58 

10.69 

46.1 

42 

275 

13.66 

19.57 

12.10 

17.74 

11.28 

15.90 

10.76 

11.92 

45.1 

43 

282 

14.14 

20.30 

12.53 

18.60 

11.64 

16.99 

10.34 

13.79 

44.0 

44 

289 

14.62 

20.90 

12.99 

19.30 

12.08 

18.03 

10.31 

15.49 

42.9 

45 

296 

15.10 

21.50 

13.42 

20.03 

12.50 

18.92 

10.72 

16.98 

41.9 

46 

303 

15.59 

22.10 

13.94 

20.82 

12.95 

19.80 

11.12 

18.10 

40.9 

47 

311 

16.17 

22.63 

14.61 

21.50 

13.54 

20.80 

11.59 

19.30 

39.9 

48 

318 

16.63 

23.09 

15,15 

22.01 

14.04 

21.49 

12.08 

20.26 

39.0 

49 

326 

17.18 

23.60 

15.70 

22.57 

14.64 

22.40 

12.57 

21.28 

38.0 

50 

334 

17.72 

24.02 

16.22 

23.12 

15.28 

23.22 

13.14 

22.31 

37.1 

51 

342 

18.20 

24.44 

16.74 

23.68 

15.99 

23.88 

13.76 

23.16 

36.3 

52 

351 

18.71 

24.92 

17.38 

24.30 

16.69 

24.51 

14.34 

24.16 

35.3 

53 

359 

19.15 

25.36 

17.92 

24.74 

17.30 

25.07 

15.03 

25.05 

34.5 

54 

368 

19.62 

25.85 

18.51 

25.29 

17.98 

25.70 

15.83 

25.82 

33.7 

55 

377 

20.10 

26.34 

19.15 

25.82 

18.66 

26.32 

16.57 

26.45 

32.9 

56 

386 

20.31 

26.83 

19.79 

26.27 

19.33 

26.83 

17.26 

27.08 

32.1 

57 

396 

20.49 

28.70 

20.46 

26.72 

20.05 

27.45 

17.97 

27.79 

31.3 

58 

406 

22.19 

28.96 

21.09 

27.08 

20.88 

28.01 

18.74 

28.49 

30.5 

59 

415 

23.11 

29.19 

21.52 

N  27.43 

21.59 

28.45 

19.41 

29.01 

29.9 

60 

426 

24.12 

29.47 

21.90 

27.92 

22.40 

28.89 

20.20 

29.67 

29.1 

61 

436 

24.96 

29.71 

22.26 

28.58 

23.09 

29.24 

20.90 

30.26 

28.4 

62 

447 

25.85 

29.98 

22.98 

29.95 

23.75 

29.83 

21.67 

30.78 

27.7 

63 

458 

26.74 

30.20 

24.29 

30.73 

24.58 

30.40 

22.16 

31.22 

27.1 

64 

469 

27.55 

30.36 

25.51 

30.99 

25.43 

30.86 

21.61 

31.60 

26.4 

T1 

(81) 

Pb 

(82) 

B1 

(83) 

Po 

(84) 

Thallium 

Lead 

Bismuth 

Polonium 

_N 

E(eV) 

fi 

f2 

fi 

fi 

f2 

h 

65 

480 

28.34 

30.52 

26.52 

31.24 

26.25 

31.30 

22.78 

35.25 

66 

492 

29.18 

30.69 

27.53 

31.51 

27.18 

31.79 

26.01 

35.25 

67 

504 

30.02 

30.86 

28.51 

31.78 

28.15 

32.27 

27.57 

35.25 

68 

516 

30.87 

31.02 

29.55 

32.05 

29.23 

32.74 

28.99 

35.25 

69 

529 

31.88 

31.11 

30.75 

32.21 

30.58 

33.08 

30.37 

35.20 

70 

542 

32.76 

30.99 

31.81 

32.11 

31.76 

33.02 

31.58 

35.05 

71 

555 

33.59 

30.88 

32.77 

32.02 

32.84 

32.96 

32.67 

34.90 

72 

569 

34.38 

30.74 

33.73 

31.92 

33.92 

32.89 

33.76 

34.76 

73 

583 

35.10 

30.55 

34.61 

31.74 

34.92 

32.74 

34.79 

34.57 

74 

597 

35.69 

30.34 

35.39 

31.54 

35.80 

32.56 

35.70 

34.35 

75 

612 

36.21 

30.12 

36.14 

31.33 

36.67 

32.36 

36.61 

34.13 

76 

627 

36.58 

29.91 

36.81 

31.12 

37.49 

32.18 

37.47 

33.91 

77 

642 

36.57 

30.03 

37.40 

30.90 

38.27 

31.96 

38.28 

33.66 

78 

658 

37.03 

30.86 

37.71 

30.60 

38.97 

31.68 

39.02 

33.33 

79 

674 

37.89 

31.70 

37.73 

30.32 

39.59 

31.40 

39.64 

33.01 

80 

690 

39.27 

31.96 

37.59 

31.51 

40.04 

31.12 

40.01 

32.78 

81 

707 

40.64 

31.91 

39.04 

33.26 

40.24 

30.91 

40,29 

32.65 

82 

725 

41.82 

31.44 

41.04 

32.83 

40.58 

31.44 

40.67 

33.19 

83 

742 

42.70 

31.02 

42.30 

32.43 

41.18 

31.93 

41.40 

33.70 

84 

760 

43.36 

30.58 

43.32 

32.03 

42.22 

32.44 

42.52 

34.23 

85 

779 

43.93 

30.21 

44.31 

31.61 

43.55 

32.82 

43.94 

34.63 

86 

798 

44.46 

30.22 

45.16 

31.14 

44.93 

32.39 

45.37 

34.16 

87 

818 

45.21 

30.22 

45.93 

30.66 

46.01 

31.95 

46.51 

33.68 

88 

838 

46.15 

30.23 

46.52 

30.20 

46.93 

31.52 

47.50 

33.22 

89 

858 

47.14 

30.08 

47.00 

29.86 

47.77 

31.09 

48.40 

32.76 

90 

879 

48.17 

29.55 

47.56 

29.79 

48.55 

30.59 

49.19 

32.23 

91 

901 

48.96 

29.02 

48.31 

29.71 

49.21 

30.08 

49.91 

31.69 

92 

923 

49.64 

28.51 

49.21 

29.64 

49.74 

29.60 

50.49 

31.18 

93 

945 

50.28 

28.06 

50.16 

29.25 

50.21 

29.37 

50.98 

30.95 

94 

968 

50.90 

27.62 

51.01 

28.70 

50.79 

29.25 

51.62 

30.83 

95 

992 

51.58 

27.18 

51.76 

28.15 

51.61 

29.12 

52.41 

30.71 

96 

1016 

52.26 

26.72 

52.47 

27.61 

52.52 

28.91 

53.47 

30.51 

97 

1041 

52.95 

26.06 

53.14 

26.97 

53.44 

28.26 

54.44 

29.82 

98 

1067 

53.44 

25.40 

53.66 

26.33 

54.12 

27.60 

55.21 

29.12 

99 

1093 

53.88 

24.78 

54.12 

25.72 

54.70 

26.98 

55.85 

28.45 

100 

1119 

54.26 

24.19 

54.54 

25.14 

55.22 

26.38 

56.40 

27.81 

101 

1147 

54.62 

23.58 

54.95 

24.54 

55.71 

25.77 

56.93 

27.16 

102 

1175 

54.94 

23.00 

55.35 

23.97 

56.12 

25.19 

57.39 

26.53 

103 

1204 

55.21 

22.43 

55.62 

23.41 

56.52 

24.61 

57.81 

25.92 

104 

1233 

55.46 

21.88 

55.91 

22.87 

56.89 

24.06 

58.21 

25.33 

105 

1263 

55.67 

21.35 

56.17 

22.34 

57.21 

23.52 

58.57 

24.75 

106 

1294 

55.84 

20.82 

56.39 

21.83 

57.50 

22.98 

58.89 

24.17 

107 

1326 

56.00 

20.30 

56.60 

21.32 

57.77 

22.46 

59.19 

23.61 

108 

1358 

56.14 

19.81 

56.79 

20.84 

58.01 

21.95 

59.45 

23.07 

109 

1392 

56.24 

19.31 

56.95 

20.35 

58.23 

21.45 

59.69 

22.53 

110 

1426 

56.32 

18.83 

57.10 

19.89 

58.43 

20.96 

59.92 

22.01 

111 

1460 

56.38 

18.38 

57.23 

19.45 

58.60 

20.50 

60.13 

21.52 

112 

1496 

56.41 

17.92 

57.35 

18.98 

58.78 

20.02 

60.35 

21.00 

113 

1533 

56.41 

17.46 

57.43 

18.49 

58.92 

19.50 

60.51 

20.47 

114 

1570 

56.38 

17.01 

57.47 

18.03 

59.02 

19.01 

60.64 

19.95 

115 

1609 

56.32 

16.57 

57.48 

17.56 

59.10 

18.52 

60.73 

19.44 

116 

1648 

56.20 

16.15 

57.44 

17.11 

59.12 

18.05 

60.79 

18.95 

117 

1688 

56.06 

15.74 

57.38 

16.68 

59.12 

17.60 

60.83 

18.47 

118 

1730 

55.90 

15.33 

57.29 

16.24 

59.09 

17.14 

60.86 

18.00 

119 

1772 

55.68 

14.91 

57.16 

15.81 

59.05 

16.69 

60.85 

17.52 

120 

1815 

55.40 

14.50 

56.97 

15.38 

58.94 

16.23 

60.80 

17.04 

121 

1860 

55.04 

14.10 

56.72 

14.96 

58.78 

15.78 

60.71 

16.57 

122 

1905 

54.63 

13.71 

56.42 

14.56 

58.57 

15.35 

60.53 

16.13 

123 

1952 

54.02 

13.33 

55.99 

14.16 

58.27 

14.93 

60.33 

15.68 

124 

2000 

53.40 

12.96 

55.54 

13.77 

57.95 

14.52 

60.12 

15.25 

Eu(E) 
“TT - 

205.8 

203.0 

201.2 

200.3 

X(A) 

25.83 

25.20 
24.60 
2A.03 

23.44 

22.87 

22.34 

21.79 
21.27 

20.77 

20.26 

19.77 

19.31 

18.84 
18.39 

17.97 

17.54 

17.10 
16.71 

16.31 

15.92 

15.54 
15.16 

14.79 

14.45 

14.10 
13.76 
13.43 
13.12 
12.81 

12.50 

12.20 
11.91 
11.62 

11.34 

11.08 

10.81 

10.55 
10.30 
10.06 

9.82 
9.58 
9.35 
9.13 
8.91 

8.69 

8.49 

8.29 

8.09 

7.90 

7.71 

7.52 

7.34 
7.17 
7.00 

6.83 
6.67 
6.51 

6.35 

6.20 


keV-ca* 

gram 


Atomic 

Weight 


204.4 


207.2 


209.0 


210 


383 


ATOMIC  SCATTERING  FACTOR,  fi+  if 2 


At 

(85) 

(86) 

Fr 

(87) 

Ra 

(88) 

N 

E(eV) 

fi 

fz 

fi 

fz 

fz 

fj 

fz 

X(A) 

0 

100 

19.95 

30.38 

15.67 

35.48 

16.18 

34.80 

12.89 

35.75 

124.0 

1 

102 

20.97 

29.72 

17.58 

34.64 

17.44 

34.17 

14.90 

36.23 

121.5 

2 

104 

22.01 

28.99 

18.95 

33.83 

18.56 

33.57 

16.84 

35.70 

119.2 

3 

107 

23.33 

27.36 

20.77 

32.68 

20.14 

32.70 

19.36 

34.66 

115.9 

■4 

110 

24.18 

25.88 

22.31 

31.60 

21.53 

31.88 

21.32 

33.69 

112.7 

5 

112 

24.57 

25.02 

23.25 

30.92 

22.43 

31.35 

22.45 

33.06 

110.7 

6 

115 

25.11 

23.82 

24.69 

29.91 

23.86 

30.60 

24.06 

32.17 

107.8 

7 

118 

25.58 

22.66 

25.94 

28.44 

25.28 

29.75 

25.68 

31.32 

105.1 

8 

121 

25.93 

21.58 

26.86 

27.07 

26.62 

28.32 

27.33 

30.52 

102.5 

9 

124 

26.20 

20.64 

27.51 

25.81 

27.46 

27.00 

29.52 

29.18 

100.0 

10 

127 

26.47 

19.77 

28.05 

24.63 

28.13 

25.76 

30.87 

26.82 

97.6 

11 

130 

26.75 

18.91 

28.50 

23.53 

28.70 

24.61 

31.62 

24.70 

95.4 

12 

133 

27.05 

18.10 

28.90 

22.50 

29.17 

23.54 

31.86 

22 .80 

93.2 

13 

136 

27.20 

17.04 

29.19 

21.54 

29.45 

22.53 

31.62 

21.07 

91.2 

14 

140 

27.23 

15.79 

29.56 

20.35 

*  29.84 

21.29 

31.14 

19.50 

88.6 

15 

143 

27.14 

14.97 

29.85 

19.42 

30.10 

20.42 

30.78 

18.79 

86.7 

16 

147 

26.95 

14.03 

30.00 

18.17 

30.41 

19.23 

30.61 

17.89 

84.3 

17 

150 

26.79 

13.40 

30.06 

17.31 

30.58 

18.36 

30.54 

17.26 

82.7 

18 

154 

26.62 

12.63 

30.02 

16.24 

30.58 

17.27 

30.41 

16.48 

80.5 

19 

158 

26.46 

11.90 

29.92 

15.27 

30.55 

16.27 

30.30 

15.74 

78.5 

20 

162 

26.29 

11.19 

29.77 

14.38 

30.46 

15.36 

30.20 

15.06 

76.5 

21 

166 

26.04 

10.37 

29.58 

13.56 

30.34 

14.52 

30.09 

14.43 

74.7 

22 

170 

25.74 

9.63 

29.37 

12.80 

30.20 

13.74 

29.97 

13.83 

72.9 

23 

174 

25.36 

8.94 

29.12 

12.11 

30.01 

13.02 

29.84 

13.27 

71.3 

24 

178 

24.82 

8.22 

28.85 

11.46 

29.78 

12.35 

29.70 

12.75 

69.7 

25 

182 

24.24 

7.68 

28.57 

10.86 

29.56 

11.73 

29.55 

12.26 

68.1 

26 

187 

23.48 

7.13 

28.21 

10.18 

29.24 

11.02 

29.37 

11.68 

66.3 

27 

191 

22.77 

6.75 

27.91 

9.62 

29.00 

10.49 

29.20 

11.25 

64.9 

28 

196 

21.99 

6.62 

27.45 

8.94 

28.69 

9.84 

29.02 

10.75 

63.3 

29 

201 

21.30 

6.49 

26.93 

8.33 

28.34 

9.10 

28.85 

10.28 

61.7 

30 

206 

20.68 

6.41 

26.35 

7.77 

27.85 

8.43 

28.77 

9.72 

60.2 

31 

211 

20.05 

6.34 

25.67 

7.26 

27.29 

7.83 

28.51 

8,99 

58.8 

32 

216 

19.44 

6.30 

24.89 

6.96 

26.59 

7.26 

28.05 

8.34 

57.4 

33 

221 

18.83 

6.31 

24.17 

6.89 

25.79 

6.94 

27.47 

7.84 

56.1 

34 

227 

18.06 

6.37 

23.48 

6.79 

24.99 

6.78 

26.82 

7.45 

54.6 

35 

232 

17.44 

6.50 

22.92 

6.72 

24.36 

6.65 

26.25 

7.14 

53.4 

36 

238 

16.70 

6.69 

22.24 

6.64 

23.61 

6.50 

25.56 

6.93 

52.1 

37 

244 

15.99 

6.98 

21.52 

6.68 

22.82 

6.54 

24.93 

6.81 

50.8 

38 

250 

15.28 

7.30 

20.88 

6.78 

22.15 

6.65 

24.35 

6.69 

49.6 

39 

256 

14.58 

7.67 

20.22 

6.88 

21.52 

6.76 

23.74 

6.58 

48.4 

40 

262 

13.90 

8.08 

19.52 

6.98 

20.91 

6.87 

23.09 

6.48 

47.3 

41 

269 

13.10 

8.64 

18.73 

7.31 

20.11 

7.00 

22.31 

6.59 

46.1 

42 

275 

12.44 

9.15 

18.16 

7.63 

19.47 

7.30 

21.68 

6.71 

45.1 

43 

282 

11.56 

9.78 

17.43 

8.01 

18.70 

7.66 

20.94 

6.86 

44.0 

44 

289 

10.58 

10.76 

16.80 

8.40 

18.00 

8.04 

20.21 

7.03 

42.9 

45 

296 

9.67 

12.03 

16.17 

8.80 

17.38 

8.51 

19.48 

7.36 

41.9 

46 

303 

9.12 

13.80 

15,50 

9.21 

16.79 

9.00 

18.78 

7.70 

40.9 

47 

311 

8.98 

15.72 

14.67 

9.68 

16.12 

9.58 

18.02 

8.12 

39.9 

48 

318 

9.44 

17.24 

13.64 

10.24 

15.53 

10.10 

17.34 

8.57 

39.0 

49 

326 

9.94 

18.46 

12.66 

11.40 

14.78 

10.72 

16.54 

9.11 

38.0 

50 

334 

10.41 

19.63 

11.86 

12.66 

13.93 

11.35 

15.66 

9.66 

37.1 

51 

342 

10.90 

20.71 

11.20 

14.02 

12.92 

12.26 

14.64 

10.43 

36.3 

52 

351 

11.45 

21.80 

10.64 

15.69 

12.01 

13.82 

13.69 

11.72 

35.3 

53 

359 

12.01 

22.79 

10.31 

17.29 

11.40 

15.34 

12.99 

12.98 

34.5 

54 

368 

12.69 

23.72 

10.12 

19.24 

10.93 

17.19 

12.37 

14.52 

33.7 

55 

377 

13.33 

24.67 

10.27 

21.36 

10.79 

19.22 

11.96 

16.19 

32.9 

56 

386 

14.06 

25.60 

11.11 

23.65 

11.25 

21.42 

11.86 

18.01 

32.1 

57 

396 

14.88 

26.69 

12.65 

25.98 

12.30 

23.91 

12.06 

20.47 

31.3 

58 

406 

15.97 

27.22 

14.36 

26.65 

13.75 

24.82 

13.00 

21.66 

30.5 

59 

415 

16.71 

27.70 

15.34 

27.25 

14.57 

25.64 

13.48 

22.76 

29.9 

60 

426 

17.55 

28,27 

16.44 

27.99 

15.50 

26.66 

14.07 

24.15 

29.1 

61 

436 

18.28 

28.80 

17.37 

28.67 

16.33 

27.60 

14.67 

25.45 

28.4 

62 

447 

19.07 

29.37 

18.39 

29.41 

17.31 

28.65 

15.52 

26.93 

27.7 

63 

458 

19.85 

29.90 

19.41 

29.99 

18.41 

29.47 

16.60 

28.10 

27.1 

64 

469 

20.61 

30.39 

20.35 

30.42 

19.41 

30.07 

17.61 

28.97 

26.4 

384 


_N 

E(eV) 

At  (85) 
Astatine 

Rn  (86) 

Radon 

Fr  (87) 
Francium 
f  1  fi 

Ra  (88) 
Radium 

X(A) 

65 

480 

21.35 

30 

.88 

21.20 

30.85 

20.31 

30.66 

18.50 

29.84 

25.83 

66 

492 

22.15 

31 

.40 

22.03 

31.32 

21.25 

31,31 

19.47 

30.81 

25.20 

67 

504 

22.95 

31 

.93 

22.81 

31.78 

22.20 

31,96 

20.47 

31.77 

24.60 

68 

516 

23.75 

32 

.45 

23.54 

32.24 

23.22 

32.61 

21.68 

32.75 

24.03 

69 

529 

24.62 

33 

.02 

24.24 

32.79 

24.49 

33.11 

23.27 

33.52 

23.44 

70 

542 

25.55 

33 

.61 

24.98 

33.48 

''5.49 

33.18 

24.56 

33.67 

22.87 

71 

555 

26.56 

34 

.20 

25.74 

34.16 

29 

33.26 

25.63 

33.82 

22.34 

72 

569 

27.81 

34 

.83 

26.81 

35.31 

.66 

33.32 

26.42 

33.94 

21.79 

73 

583 

29.19 

35 

.10 

28.28 

35.92 

.84 

34.22 

27.05 

34.46 

21.27 

74 

597 

30.39 

35 

.22 

29.60 

36.31 

z;.52 

35.44 

27.85 

35.13 

20.77 

75 

612 

31.59 

35 

.35 

30.96 

36.72 

28.63 

36,76 

28.81 

35.85 

20.26 

76 

627 

32.78 

35 

.47 

32.35 

37.13 

30,12 

38,09 

29.87 

36.56 

19.77 

77 

642 

34.07 

35 

.47 

33.99 

37.30 

32.46 

38.92 

31.10 

37.21 

19.31 

78 

658 

35.25 

35 

.21 

35.43 

36.96 

34.51 

38.55 

32.42 

37.76 

18.84 

79 

674 

36.33 

34 

.96 

36.63 

*36.63 

36.10 

38.20 

33.77 

38.30 

18.39 

80 

690 

37.30 

34 

.68 

37.63 

36.43 

37.38 

37.97 

35.29 

38.74 

17.97 

81 

707 

38.26 

34 

.37 

38.72 

36.22 

38.70 

37.73 

37.15 

39.08 

17.54 

82 

725 

39.12 

33 

.92 

39.71 

35.78 

39.97 

37.30 

38.90 

38.65 

17.10 

83 

742 

39.79 

33 

.50 

40.51 

35.39 

41.03 

36.91 

40.26 

38.27 

16.71 

84 

760 

40.20 

33 

.08 

40.98 

34.98 

42.02 

36.51 

41.49 

37.87 

16.31 

85 

779 

40.45 

32 

.80 

41.26 

34.73 

42.99 

36.08 

42.72 

37.45 

15.92 

86 

798 

40.71 

33 

.33 

41.59 

35.43 

43.83 

35.57 

43.80 

36.93 

15.54 

87 

818 

41.46 

33 

.89 

42.48 

36.15 

44.53 

35.05 

44.78 

36.41 

15.16 

88 

838 

42.71 

34 

.44 

44.04 

36.88 

44.87 

34.55 

45.66 

35.91 

14.79 

89 

858 

44.13 

34 

.66 

45.83 

37.12 

45.09 

34.39 

46.42 

35.41 

14.45 

90 

879 

45.66 

34 

.10 

47,63 

36.35 

45.43 

34.93 

47.16 

34.85 

14,10 

91 

901 

46.74 

33 

.54 

48.85 

35.59 

46.37 

35.50 

47.66 

34.30 

13.76 

92 

923 

47.72 

33 

.00 

49.86 

34.85 

47.77 

36.05 

47.79 

33.76 

13.43 

93 

945 

48.59 

32 

.44 

50.72 

34.21 

49.31 

35.81 

47.91 

34.00 

13.12 

94 

968 

49.38 

31 

.86 

51.53 

33.61 

50.65 

35.20 

48.35 

34.59 

12.81 

95 

992 

50.11 

31 

.27 

52.30 

33.00 

51.71 

34.59 

49.48 

35.20 

12.50 

96 

1016 

50.78 

30 

.71 

53.01 

32.41 

52.65 

34.00 

50.86 

35.57 

12.20 

97 

1041 

51.39 

30 

.11 

53.66 

31.77 

53.50 

33.33 

52,37 

34.87 

11.91 

98 

1067 

51.90 

29 

.62 

54.23 

31.27 

54.18 

32.82 

53.35 

34.40 

11.62 

99 

1093 

52.42 

29 

.15 

54.80 

30.79 

54.88 

32.33 

54.25 

33.94 

11.34 

100 

1119 

52.93 

28 

.70 

55.37 

30.32 

55.56 

31.86 

55.10 

33.50 

11.08 

101 

1147 

53.46 

28 

.23 

55.95 

29.84 

56.25 

31.38 

55.96 

33.04 

10.81 

102 

1175 

53.99 

27 

.78 

56,55 

29.38 

56.98 

30.91 

56.78 

32.60 

10.55 

103 

1204 

54.46 

27 

.33 

57.09 

28.93 

57.59 

30.44 

57.59 

32.16 

10.30 

104 

1233 

54.95 

26 

.90 

57.67 

28.48 

58.27 

29.99 

58.41 

31.74 

10.06 

105 

1263 

55.49 

26 

.42 

58.30 

27.99 

59.02 

29.47 

59.34 

31.22 

9.82 

106 

1294 

55.95 

25 

.84 

58,85 

27,37 

59.66 

28.79 

60.13 

30.46 

9.58 

107 

1326 

56.37 

25 

.27 

59.34 

26.75 

60.23 

28.12 

60.82 

29.73 

9.35 

108 

1358 

56.73 

24 

.72 

59.77 

26.17 

60.72 

27.48 

61.40 

29.02 

9.13 

109 

1392 

57.05 

24 

.17 

60.15 

25.58 

61.17 

26.83 

61.92 

28.31 

8.91 

110 

1426 

57.35 

23 

.64 

60.51 

25.01 

61.58 

26.21 

62.39 

27.63 

8.69 

111 

1460 

57.61 

23 

.13 

60.84 

24.47 

61.96 

25.62 

62.82 

26.99 

8.49 

112 

1496 

57.88 

22 

.60 

61,19 

23.91 

62.33 

25.02 

63.23 

26.33 

8.29 

113 

1533 

58.09 

22 

.04 

61.47 

23,31 

62.65 

24.39 

63.59 

25.68 

8.09 

114 

1570 

58.26 

21 

.50 

61.71 

22.75 

62.92 

23.79 

63.91 

25.05 

7.90 

115 

1609 

58.40 

20 

.96 

61.93 

22,18 

63.18 

23.19 

64,21 

24.42 

7.71 

116 

1648 

58.49 

20 

.45 

62.10 

21.63 

63.38 

22.62 

64.47 

23.83 

7.52 

117 

1688 

58.56 

19 

.95 

62.25 

21.11 

63.57 

22.06 

64.70 

23.25 

7.34 

118 

1730 

58.62 

19 

.45 

62.39 

20.58 

63.73 

21.50 

64.92 

22.66 

7.17 

119 

1772 

58.63 

18 

.94 

62.50 

20.05 

63.87 

20.95 

65.11 

22.08 

7.00 

120 

1815 

58.59 

18 

.44 

62.55 

19.52 

63.96 

20.40 

65.25 

21,51 

6.83 

121 

1860 

58.51 

17 

.94 

62.57 

19.00 

64.03 

19.86 

65.37 

20.94 

6.67 

122 

1905 

58.39 

17 

.47 

62,56 

18.51 

64.07 

19.34 

65.45 

20.40 

6.51 

123 

1952 

58.18 

17 

.00 

62.49 

18.01 

64.05 

18.83 

65.48 

19.86 

6.35 

124 

2000 

57.96 

16 

.54 

62.42 

17.54 

64.03 

18.33 

65.52 

19.34 

6.20 

Eu(E) 

200 

.3 

189 

.4 

188 

.6 

186 

.1 

keV-cm* 

gram 

Atomic 

Weight 

210 

.0 

222 

.0 

223 

.0 

226 

.0 

amu 

38S 


ATOMIC  SCATTERING  FACTOR,  fi+  Ifj 


Ac 

(89) 

Th 

(90) 

Pa 

(91) 

U  ' 

(92) 

N 

E(eV) 

fi 

f2 

f2 

fz 

fi 

tz 

X(A) 

0 

100 

10.96 

35.89 

-20.74 

71.91 

-18.92 

22.68 

-6.11 

25.08 

124.0 

1 

102 

12.79 

36.24 

13.37 

81.59 

-23.87 

33.00 

-11.25 

12.35 

121.5 

2 

104 

14.53 

35.82 

27.75 

56.16 

-20.01 

47.67 

-15.63 

21.05 

119.2 

3 

107 

16.81 

34.98 

30.00 

43.26 

-0.73 

78.19 

-19.33 

39.89 

115.9 

4 

110 

18.57 

34.19 

29.44 

38.76 

24.25 

61.36 

-11.68 

53.79 

112.7 

5 

112 

19.58 

33.69 

29.84 

36.24 

30.07 

52.40 

0.89 

63.45 

110.7 

6 

115 

20.99 

32.96 

30.21 

33.43 

34.18 

41.56 

19.44 

61.75 

107.8 

7 

118 

22.30 

32.26 

31.12 

30.91 

33.55 

33.85 

33.07 

50.47 

105.1 

8 

121 

23.55 

31.60 

31.47 

28.78 

32.08 

31.40 

35.14 

39.39 

102.5 

9 

124 

24.68 

30.96 

31.94 

27.12 

32.15 

29.18 

34.47 

31.84 

100.0 

10 

127 

25.95 

30.36 

32.43 

25.50 

32.29 

27.16 

32.55 

29.62 

97.6 

11 

130 

27.24 

29.52 

32.81 

23.82 

32.47 

25.33 

32.20 

27.59 

95.4 

12 

133 

28.35 

28.36 

32.89 

22.29 

32.60 

23.66 

31.97 

26.09 

93.2 

13 

136 

29.08 

27.27 

33.14 

20.89 

32.61 

22.13 

32.35 

24.77 

91.2 

14 

140 

29.92 

25.91 

33.15 

19.20 

32.58 

20.29 

32.75 

22.54 

88.6 

15 

143 

30.45 

24.96 

33.08 

18.05 

32.51 

19.05 

32. le 

21.05 

86.7 

16 

147 

31.00 

23.78 

32.89 

16.66 

32.33 

17.54 

32.73 

19.35 

84.3 

17 

150 

31.34 

22.95 

32.77 

15.71 

32.18 

16.51 

32.82 

18.19 

82.7 

18 

154 

31.75 

21.91 

32.49 

14.55 

31.87 

15.26 

32.64 

16.33 

80.5 

19 

158 

32.10 

20.94 

32.20 

13.51 

31.53 

14.13 

32.12 

14.78 

78.5 

20 

162 

32.48 

20.04 

31.86 

12.56 

31.15 

13.11 

31.51 

13.69 

76.5 

21 

166 

32.76 

18.95 

31.48 

11.70 

30.74 

12.19 

31.01 

12.70 

74.7 

22 

170 

32.94 

17.93 

31.07 

10.91 

30.31 

11.35 

30.49 

11.80 

72.9 

23 

174 

32.97 

16.99 

30.61 

10.20 

29.84 

10.59 

29.99 

10.99 

71.3 

24 

178 

32.93 

16.12 

30.19 

9.55 

29.35 

9.89 

29.47 

10.24 

69.7 

25 

182 

32.88 

15.31 

29.68 

8.95 

28.86 

9.26 

28.89 

9.57 

68.1 

26 

187 

32.73 

14.38 

29.06 

8.27 

28.16 

8.54 

28.17 

8.80 

66.3 

27 

191 

32.56 

13.69 

28.50 

7.78 

27.57 

8.01 

27.55 

8.25 

64.9 

28 

196 

32.34 

12.90 

27.72 

7.21 

26,71 

7.42 

26.66 

7.62 

63.3 

29 

201 

32.07 

12.17 

26.74 

6.82 

25.71 

7.00 

25.61 

7.18 

61.7 

30 

206 

31.78 

11.50 

25.89 

6.91 

24.80 

7.09 

24.65 

7.27 

60.2 

31 

211 

31.48 

10.87 

25.23 

7.00 

24.13 

7.18 

23.93 

7.36 

58.8 

32 

216 

31.15 

10.30 

24.70 

7.08 

23.57 

7.27 

23.34 

7.45 

57.4 

33 

221 

30.81 

9.74 

24.23 

7.17 

23.05 

7.36 

22.82 

7.54 

56.1 

34 

227 

30.33 

9.09 

23.69 

7.27 

22.50 

7.46 

22.23 

7.65 

54.6 

35 

232 

29.89 

8.59 

23.27 

7.36 

22.06 

7.55 

21.78 

7.74 

53.4 

36 

238 

29.32 

8.05 

22.77 

7.46 

21.53 

7.65 

21.23 

7.85 

52.1 

37 

244 

28.68 

7.54 

22.22 

7.55 

20.98 

7.75 

20.65 

7.95 

50.8 

38 

250 

27.89 

7.09 

21.60 

7.65 

20.32 

7.85 

19.98 

8.05 

49.6 

39 

256 

27.11 

6.95 

21.01 

8.06 

19.71 

8.27 

19.36 

8.48 

48.4 

40 

262 

26.39 

6.89 

20.51 

8.48 

19.17 

8.71 

18.82 

8.93 

47.3 

41 

269 

25.65 

6.82 

20.02 

8.99 

18.69 

9.23 

18.29 

9.46 

46.1 

42 

275 

24.98 

6.76 

19.65 

9.44 

18.30 

9.69 

17.99 

9.93 

45.1 

43 

282 

24.20 

6.84 

19.28 

9.97 

17.90 

10.24 

17.51 

10.49 

44.0 

44 

289 

23.47 

6.93 

18.93 

10.53 

17.54 

10.80 

17.14 

11.08 

42.9 

45 

296 

22.58 

7.04 

18.59 

11.09 

17.22 

11.39 

16.81 

11.68 

41.9 

46 

303 

21.79 

7.38 

18.33 

11.69 

16.94 

11.99 

16.53 

12.30 

40.9 

47 

311 

21.03 

N  7.77 

18.05 

12.40 

16.58 

12.72 

16.23 

13.04 

39.9 

48 

318 

20.33 

8.12 

17.87 

13.04 

16.33 

13.38 

16.04 

13.72 

39.0 

49 

326 

19.50 

8.53 

17.72 

13.79 

16.20 

14.15 

15.83 

14.51 

38.0 

50 

334 

18.62 

8.95 

17.62 

14.56 

16.12 

14.95 

15.71 

15.33 

37.1 

51 

342 

17.63 

9.78 

17.62 

15.36 

16.07 

15.77 

15.69 

16.17 

36.3 

52 

351 

16.76 

10.84 

17,79 

16.25 

16.26 

16.68 

15.86 

17.10 

35,3 

53 

359 

16.11 

11.86 

17.95 

16.79 

16.39 

N  17.23 

16.00 

17.66 

34.5 

54 

368 

15.48 

13.10 

18.09 

17.39 

16.49 

17.85 

16.14 

18.30 

33.7 

55 

377 

14.99 

14.42 

18.18 

18.00 

16.55 

18.47 

16.20 

18.94 

32,9 

56 

386 

14.62 

15.84 

18.25 

18.62 

16.54 

19.11 

16.24 

19.59 

32.1 

57 

396 

14.38 

17.84 

18.32 

19.31 

16.55 

19.82 

16.26 

20.32 

31.3 

58 

406 

14.77 

19.11 

18.42 

20.00 

16.45 

20.66 

16.28 

21.15 

30.5 

59 

415 

14.91 

20.29 

18.48 

20.63 

16.46 

21.51 

16.34 

21.96 

29.9 

60 

426 

15.15 

21.81 

18.56 

21.41 

16.55 

22.58 

16.47 

22.96 

29.1 

61 

436 

15.47 

23.24 

18.59 

22.12 

16.69 

23.56 

16.63 

23.90 

28.4 

62 

447 

16.07 

24.89 

18.56 

22.91 

16.94 

24.67 

16.87 

24.94 

27.7 

63 

458 

16.95 

26.26 

18.43 

23.97 

17.25 

25.80 

17.17 

26.00 

27.1 

64 

469 

17.80 

27.33 

18.51 

25.30 

17.64 

26.96 

17.53 

27.08 

26.4 

386 


Ac  (89) 

Th 

(90) 

Pa  (91) 

U  (92) 

Actinium 

Thorium 

Protactinium 

Uranium 

N 

E(eV) 

f2 

fj 

fs 

f2 

X(A) 

65 

480 

18.57 

28.43 

18.75 

26.68 

18.09 

28.13 

17.95 

28.18 

25.83 

66 

492 

19.44 

29.64 

19.27 

28.22 

18.75 

29.44 

18.51 

29.40 

25.20 

67 

504 

20.45 

30.88 

20.06 

29.82 

19.54 

30.78 

19.17 

30.64 

24.60 

68 

516 

21.71 

32.14 

21.23 

31.46 

20.60 

32.15 

19.95 

31.90 

24.03 

69 

529 

23.50 

33.16 

23.17 

32.80 

22.16 

33.35 

21.08 

33.20 

23.44 

70 

542 

24.98 

33.39 

24.76 

33.08 

23.55 

33.89 

22.42 

34.34 

22.87 

71 

555 

26.32 

33.63 

26.16 

33.36 

24.87 

34.43 

23.88 

35.48 

22.34 

72 

569 

27.51 

33.85 

27.43 

33.64 

26.22 

35.01 

25.66 

35.94 

21.79 

73 

583 

28.59 

33.92 

28.55 

33.74 

27.59 

35.29 

27.11 

36.14 

21.27 

74 

597 

29.44 

33.94 

29.50 

33.79 

28.76 

35.46 

28.39 

36.27 

20.77 

75 

612 

30.17 

33.97 

30.38 

33.83 

29.92 

35.65 

29.61 

36.41 

20.26 

76 

627 

30.68 

33.99 

31.11 

33.87 

31.02 

35.82 

30.74 

36.55 

19.77 

77 

642 

30.60 

34.42 

31.63 

33.84 

32.18 

35.88 

31.85 

36.61 

19.31 

78 

658 

31.08 

35.91 

30.35 

33.63 

33.14 

35.67 

32.90 

36.49 

18.84 

79 

674 

32.05 

37.42 

26.84 

N 

33.42 

33.93 

35.46 

33.73 

36.37 

18.39 

80 

690 

33.72 

38.60 

33.19 

38.89 

34.39 

35.36 

34.44 

36.31 

17.97 

81 

707 

36.00 

39.60 

35.60 

38.80 

34.52 

35.39 

35.08 

36.27 

17.54 

82 

725 

38.23 

39.21 

37.32 

38.70 

34.86 

36.40 

35.58 

36.23 

17.10 

83 

742 

39.85 

38.86 

38.81 

38.61 

35.55 

37.36 

32.70  N 

38.41 

16.71 

84 

760 

41.24 

38.51 

40.20 

38.52 

36.81 

38.37 

35.54 

38.78 

16.31 

85 

779 

42.63 

38.12 

41.65 

38.38 

38.44 

39.29 

37.82 

39.16 

15.92 

86 

798 

43.82 

37.63 

43.00 

38.01 

40.22 

39.29 

39.24 

39.54 

15.54 

87 

818 

44.91 

37.13 

44.20 

37.64 

41.72 

39.28 

40.61 

39.93 

15.16 

88 

838 

45.87 

36.66 

45.33 

37.28 

43.24 

39.27 

42.15 

40.31 

14.79 

89 

858 

46.73 

36.18 

46.39 

36.88 

44.69 

39,10 

43.88 

40.40 

14.45 

90 

879 

47.53 

35.65 

47.38 

36.37 

46.16 

38.58 

45.48 

39.89 

14.10 

91 

901 

48.14 

35.12 

48.26 

35.86 

47.35 

38.05 

46.85 

39.36 

13.76 

92 

923 

48.41 

34.62 

49.07 

35.37 

48.48 

37.55 

48.04 

38.86 

13.43 

93 

945 

48.65 

34.84 

49,76 

34.83 

49.45 

36,98 

49,11 

38.30 

13.12 

94 

968 

49.21 

35.39 

50,23 

34.27 

50.35 

36.37 

50.05 

37.69 

12.81 

95 

992 

50.43 

35.97 

50.32 

33.70 

51.13 

35.76 

50.91 

37.09 

12.50 

96 

1016 

51.92 

36.31 

49.80 

33.69 

51.80 

35,16 

51.61 

36.50 

12.20 

97 

1041 

53.64 

35.62 

51.01 

36,24 

52.25 

34,50 

52.01 

35.88 

11.91 

98 

1067 

54.74 

34.92 

53,03 

35.59 

52.65 

34.36 

52.51 

35.79 

11,62 

99 

1093 

55.69 

34.24 

54.48 

34.96 

53.18 

34,22 

53.11 

35.70 

11.34 

100 

1119 

56.54 

33.60 

55.46 

34.36 

53.78 

34.08 

53.77 

35.62 

11.08 

101 

1147 

57.34 

32.93 

56.40 

33.74 

54.46 

33.94 

54.52 

35.53 

10.81 

102 

1175 

58.07 

32.29 

57.22 

33.14 

55.18 

33.81 

55.28 

35.44 

10.55 

103 

1204 

58.69 

31.66 

57.93 

32.55 

55.92 

33.67 

56.12 

35.35 

10,30 

104 

1233 

59.27 

31.06 

58.53 

31.98 

56.71 

33.53 

57.06 

35.26 

10.06 

105 

1263 

59.74 

30.50 

59.09 

31.47 

57.62 

33.32 

58.12 

35.06 

9.82 

106 

1294 

60.24 

30.06 

59.65 

31.08 

58.47 

32.92 

59.09 

34.59 

9.58 

107 

1326 

60.76 

29.61 

60.23 

30.69 

59,26 

32.52 

59.98 

34.13 

9.35 

108 

1358 

61.29 

29.18 

60.83 

30.31 

60.00 

32.14 

60.79 

33.68 

9.13 

109 

1392 

61.83 

28.74 

61.45 

29.93 

60.74 

31.74 

61.60 

33.22 

8.91 

110 

1426 

62.37 

28.32 

62,09 

29.56 

61.47 

31.36 

62.39 

32.78 

8.69 

111 

1460 

62.93 

27.92 

62.75 

29.20 

62.22 

31.00 

63.18 

32.36 

8.49 

112 

1496 

63.59 

27.44 

63.55 

28.75 

63.09 

30.54 

64.08 

31.84 

8.29 

113 

1533 

64.15 

26.77 

64.22 

28.04 

63.83 

29.84 

64.85 

31.10 

8.09 

114 

1570 

64.63 

26.14 

64.79 

27.37 

64.47 

29.17 

65.52 

30.40 

7.90 

115 

1609 

65.05 

25.50 

65.28 

26.69 

65.05 

28.49 

66.11 

29.69 

7.71 

116 

1648 

65.40 

24.89 

65.69 

26.05 

65.54 

27.85 

66.63 

29.02 

7.52 

117 

1688 

65.72 

24.30 

66.07 

25.42 

66.00 

27.22 

67.13 

28.36 

7.34 

118 

1730 

66.03 

23.70 

66.43 

24.79 

66.44 

26.59 

67.61 

27.70 

7.17 

119 

1772 

66.30 

23.11 

66,74 

24.16 

66.85 

25.95 

68.03 

27.02 

7.00 

120 

1815 

66.52 

22.51 

67.01 

23.54 

67.19 

25.31 

68.41 

26.35 

6.83 

121 

1860 

66.71 

21.92 

67.25 

22.93 

67.50 

24.67 

68.76 

25.68 

6.67 

122 

1905 

66.87 

21.36 

67.41 

22.34 

67.76 

24.06 

69.01 

25.05 

6.51 

123 

1952 

66.97 

20.80 

67.56 

21.76 

67.97 

23.46 

69.26 

24.41 

6.35 

124 

2000 

67.07 

20.26 

67,72 

21.20 

68.20 

22.87 

69.52 

23.80 

6.20 

E>i(E> 

185 

.3 

181 

.3 

182 

.1 

176, 

.7 

keV-cm* 

gram 

Atomic 

Weight 

227 

.0 

232 

.0 

231 

.0 

238 

.0 

amu 

387 


ATOHIC  SCATTERING  FACTOR. 


fi+  if 


2 


Np 

(93) 

Pu 

(94) 

N  • 

E(eV) 

fl 

fl 

f? 

0 

100 

-13.83 

23.78 

-3.62 

20.00 

1 

102 

-15.00 

27.61 

-4.33 

21.82 

2 

104 

-16.14 

31.95 

-4.86 

23.77 

3 

107 

-17.60 

39.58 

-5.41 

26.94 

4 

110 

-10.38 

56.38 

-5.56 

30.43 

5 

112 

-2.75 

57.24 

-5.28 

32.96 

6 

115 

7.74 

58.51 

-4.49 

37.06 

7 

118 

16.35 

58.92 

-3.03 

41.55 

8 

121 

23.62 

55.29 

-0.12 

46.45 

9 

124 

29.24 

51.96 

4.45 

51.01 

10 

127 

33.71 

48.09 

10.32 

54.22 

11 

130 

36.99 

43.36 

17.68 

55.37 

12 

133 

38.83 

39.19 

23.61 

53.26 

13 

136 

39.63 

35.49 

28.08 

51.28 

14 

140 

40.10 

31.21 

33.63 

47.51 

15 

143 

39.91 

28.73 

36.12 

44.00 

16 

147 

39,72 

26.07 

38.52 

39.82 

17 

150 

39.58 

24.28 

39.74 

37.02 

18 

154 

39.27 

22.13 

40.65 

33.66 

19 

158 

38.83 

20.22 

41.17 

30.67 

20 

162 

38.37 

18.59 

41.43 

28.02 

21 

166 

37.89 

17.13 

41.48 

25.65 

22 

170 

37.39 

15.82 

41.30 

23.54 

23 

174 

36.87 

14.64 

40.96 

21.64 

24 

178 

36.31 

13.56 

40.52 

19.94 

25 

182 

35.75 

12.59 

40.01 

18.65 

26 

187 

35.02 

11.50 

39.47 

17.19 

27 

191 

34.43 

10.72 

39.04 

16.13 

28 

196 

33.65 

9.83 

38.50 

14.92 

29 

201 

32.83 

9.07 

37.94 

13.83 

30 

206 

31.94 

8.37 

37.37 

12.85 

31 

211 

31.01 

7.89 

36.79 

11.95 

32 

216 

30.18 

7.62 

36.20 

11.14 

33 

221 

29.41 

7.37 

35.61 

10.40 

34 

227 

28.48 

7.09 

34.87 

9.56 

35 

232 

27.65 

7.06 

34.20 

8.90 

36 

238 

26.88 

7.20 

33.30 

8.19 

37 

244 

26.21 

7.33 

32.25 

7.56 

38 

250 

25.61 

7,46 

31.05 

7.47 

39 

256 

25.07 

7,59 

30.25 

7.56 

40 

262 

24.54 

7.72 

29.54 

7.64 

41 

269 

23.91 

7.86 

28.83 

7.74 

42 

275 

23.32 

7.99 

28.27 

7.82 

43 

282 

22.69 

8.37 

27.65 

7.92 

44 

289 

22.12 

8.78 

27.03 

8.02 

45 

296 

21.62 

9.20 

26.42 

8.26 

46 

303 

21.17 

9.63 

25.91 

8.49 

47 

311 

20.66 

10.14 

25.36 

8.77 

48 

318 

20.27 

10.63 

24.89 

9.01 

49 

326 

19.87 

11.22 

24.37 

9.28 

50 

334 

19.47 

11.82 

23.81 

9.56 

51 

342 

19.10 

12.44 

23.20 

9.83 

52 

351 

18.76 

13.15 

22.42 

10.31 

53 

359 

18.48 

13.80 

21.88 

10.91 

54 

368 

18.24 

14.56 

21.33 

11.61 

55 

377 

18.04 

15,33 

20.84 

12.34 

56 

386 

17,84 

16.13 

20.42 

13.09 

57 

396 

17,65 

17.04 

20.03 

13.96 

58 

406 

17,58 

17.98 

19.67 

14.86 

59 

415 

17.50 

18.85 

19.39 

15.70 

60 

426 

17,55 

19.94 

19.14 

16,76 

61 

436 

17.63 

20.86 

18.97 

17.77 

62 

447 

17,72 

21.89 

18.87 

18.91 

63 

458 

17.88 

22.94 

18.96 

20.08 

64 

469 

18.08 

24.02 

19.09 

21.00 

ft  f2  fl  f2  1(A) 

124.0 

121.5 
119,2 
115.9 

112.7 

110.7 

107.8 
105.1 

102.5 

100.0 

97.6 

95.4 

93.2 

91.2 

88.6 

86.7 

84.3 

82.7 

80.5 

78.5 

76.5 

74.7 

72.9 

71.3 

69.7 

68.1 

66.3 

64.9 

63.3 

61.7 

60.2 

58.8 

57.4 

56.1 

54.6 

53.4 

52.1 

50.8 

49.6 

48.4 

47.3 

46.1 

45.1 
44.0 

42.9 

41.9 

40.9 

39.9 
39.0 
38.0 

37.1 

36.3 

35.3 

34.5 

33.7 

32.9 

32.1 

31.3 

30.5 

29.9 

29.1 

28.4 

27.7 

27.1 

26.4 


388 


Np  (93)  Pu  (94) 

Neptunium  Plutonium 

N  E(eV)  fi  tz  fi  iz  fi  fz  fi  tz  a(A) 


65 

480 

18.32 

25.12 

19.17 

21.94 

25.83 

66 

492 

18.67 

26.35 

19.25 

22.98 

25.20 

67 

504 

19.19 

27.61 

19.36 

24.05 

24.60 

68 

516 

19.91 

28.89 

19.50 

25.15 

24.03 

69 

529 

20.61 

29.50 

19.69 

26.36 

23.44 

70 

542 

21.02 

30.92 

19.93 

27.60 

22.87 

71 

555 

21.68 

32.38 

20.17 

28.86 

22.34 

72 

569 

22.92 

33.98 

20.44 

30.25 

21.79 

73 

583 

24.51 

34.96 

20.70 

31.93 

21.27 

74 

597 

25.86 

35.66 

21.33 

33.88 

20.77 

75 

612 

27.25 

36.41 

22.40 

36.06 

20.26 

76 

627 

28.66 

37.16 

24.02 

38.32 

19.77 

77 

642 

30.34 

37.65 

26.52 

39.94 

19.31 

78 
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No.  29 

Magnetism  and  Magnetic  Materials  -  1975 
(21st  Annual  Conference,  Pliiladelphia) 

76-10931 

0-88318-128-2 

No. 30 

Particle  Searches  and  Discoveries  -  1976 
(Vanderbilt  Conference) 

76-19949 

0-88318-129-0 

No.  31 

Structure  and  E.\citations  of  Amorphous  Solids 
(Williamsburg,  VA. ,  1976) 

76-22279 

0-88318-130-4 

No.  32 

Materials  Technolog)'  -  1975 
(APS  New  York  Meeting) 

76-27967 

0-88318-131-2 

No.  33 

Meson-Nuclear  Physics  -  1976 
(Camegie-Mellon  Conference) 

76-26811 

0-88318-132-0 

No.  34 

Magnetism  and  Magnetic  Materials  -  1976 
(Joint  MkM- Intermag  Conference,  Pittsburgli) 

76-47106 

0-88318-133-9 

No.  35 

Higli  Fjiergy  Pliysics  with  Polarized  Beams  and 

Targets  (Argonne,  1976) 

76-50181 

0-88318-134-7 

No.  36 

Momentum  Wave  Functions  -  1976  (Indiana  University) 

77-82145 

0-88318-135-5 

No.  37 

Weak  Interaction  Pli)'sics  -  1977  (Indiana  University) 

77-83344 

0-88318-136-3 

No.  38 

Workshop  on  Now  Directions  in  ^tossbauer 

Spectroscopy  (Argonne,  1977) 

77-90635 

0-88318-137-1 

No.  39 

Physics  Careers,  limploymcnt  and  Education 
(Penn  State,  1977) 

77-94053 

0-88318-138-X 

No.  40 

Electrical  Transport  and  0|)tical  Properties  of 
Inhomogeneous  Media  (Ohio  State  University,  1977) 

78-54319 

0-88318-139-8 

No. 41 

Nucleon -Nucleon  Interactions  -  1977  (Vancouver) 

78-54249 

0-88318-140-1 

No.  42 

Higher  Energy  Polarized  Proton  Beams 
(Ann  Arbor,  1977) 

78-55682 

0-88318-141-X 

No.  43 

Particles  cind  Fields  -  1977  (APS/DPF,  Argonne) 

78-55683 

0-88318-142-8 

No.  44 

Future  Trends  in  Su(ierconductivc  Electronics 
(Charlottesville,  1978) 

77-9240 

0-88318-143-6 

No.  45 

New  Results  in  Higli  Energy  Physics  -  1978 
(Vanderbilt  Conference) 

78-67196 

0-88318-144-4 

No.  46 

Topics  in  Nonlinear  Dynamics  (La  Jolla  Institute) 

78-057870 

0-88318-145-2 

No. 47 

Clustering  Aspects  of  Nuclear  Structure  and 

Nuclear  Reactions  (Winnepeg,  1978) 

78-64942 

0-88318-146-0 

No.  48 

Current  Trends  in  the  Theory  of  Fields 
(Tallahassee,  1978) 

78-72948 

0-88318-147-9 

No. 49  Cosmic  Rays  and  Particle  Physics  -  1978 
(Bartol  Conference) 


79-50489 


0-88318-148-7 


79-51564 


0-88318-149-5 
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No. 50  Laser-Solid  Interactions  and  Laser 
Processing  -  1978  (Boston) 

No. 51  Hi^  Energy  Physics  with  Polarized  Beams 
and  Polarized  Targets  (Argonne,  1978) 

No. 52  Long-Distance  Neutrino  Detection  -  1978 
(C.L.  Cowan  Memorial  Symposium) 

No. 53  Modulated  Structures  -  1979  (Kailua  Kona,  Hawaii) 

No. 54  Meson-Nuclear  Physics  -  1979  (Houston) 

No. 55  Quantim  Chromodynamics  (La  Jolla,  1978) 

No. 56  Particle  Acceleration  Mechanisms  in  Astrophysics 
(La  Jolla,  1979) 

No.  57  Nonlinear  Dynamics  anu  the  Beam-Beam  Interaction 
(Brookhaven,  1979) 

No.  58  Inhomogeneous  Superconductors  -  1979 
(Berkeley  Springs,  W.V.) 

No.  59  Particles  and  Fields  -  1979  (APS/DPF  Montreal) 

No.  60  History  of  the  ZGS  (Argonne,  1979) 

No.  61  Aspects  of  the  Kinetics  and  Dynamics  of  Surface 
Reactions  (La  Jolla  Institute,  1979) 

No.  62  High  Energy  e*e*  Interactions  (Vanderbilt  ,  1980) 

No.  63  Supernovae  Spectra  (La  Jolla,  -1980) 

No.  64  Laboratory  EXAFS  Facilities  -  1980  (Univ.  of 
Washington) 

No.  65  Optics  in  Four  Dimensions  -  1980  (ICO,  Ensenada) 

No.  66  Physics  in  the  Automotive  Industry  -  1980 
(APS/AAPT  Topical  Conference) 

No.  67  Experimental  Meson  Spectroscopy  -  1980 

(Sixth  International  Conference  ,  Brookhaven) 

No,  68  High  Energy  Physics  -  1980 

(XX  International  Conference,  Madison) 

No.  69  Polarization  Phenomena  in  Nuclear  Physics  -  1980 
(Fifth  International  Symposium,  Santa  Fe) 

No.  70  Chemistry  and  Physics  of  Coal  Utilization  -  1980 
(APS,  Morgantown) 


79-64565 

79-52078 

79-53846 

79-53978 

79-54969 

79-55844 

79-57341 

79- 57620 

80- 66631 
80-67694 

80-68004 

80-53377 

80-70019 

80-70579 

80-70771 

80-70987 

80- 71123 

81- 65032 

81-65107 

81-65106 


No.  71 

Group  Theory  and  its  Applications  in  Physics  -  1980 
(Latin  American  School  of  Physics,  Mexico  City) 

81-66132 

No.  72 

Weak  Interactions  as  a  Probe  of  Unification 
(Virginia  Polytechnic  Institute  -  1980) 

81-67184 

No.  73 

Tetrahedrally  Bonded  Amorphous  Semiconductors 
(Carefree,  Arizona,  1981) 

81-67419 

No.  74 

Perturbative  Quantum  Chromodynamics 
(Tallahassee,  1981) 

NO.  7r> 

Low  Energy  X-ray  Diagnostics-1981 
(Monterey) 

81-69841 

0-88318-150-9 

0-88318-151-7 

0-88318-152-5 

0-88318-153-3 

0-88318-154-1 

0-88318-155-X 

0-88318-156-8 

0-88318-157-6 

0-88318-158-4 

0-88318-159-2 

0-88318-160-6 

0-88318-161-4 

0-88318-162-2 

0-88318-163-0 

0-88318-164-9 

0-88318-165-'’ 

0-88318- 16{.  5 

0-88318-167-3 

0-88318-168-1 

0-88318-169-X 


0-83310-170-3 


0-88318-171-1 

0-88318-172-X 

0-88318-173-8 

0-88318-174-6 


